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ABSTRACT 


The deposition system and parameters for repeatably producing 
highly oriented Zinc Oxide (ZnO) thin films suitable for high frequency 
acousto-electric transducers are described. At the higher supersaturations 
used, the crystalline state of the nucleating surface and partial pressure 
of oxygen in the sputtering gas mix are shown to critically affect the 
texture and level of stress in the ZnO films. In particular, the level of 
orientation in the ZnO thin films images that in the nucleating gold 
thin film underlay. The orientation of the gold thin film, in turn, 
depends upon the method of deposition used and is shown to be highest when 
deposited by sputtering. In addition to the crystalline structure of the 
ZnO thin films, their resistivity, band gap energy, dielectric constant, 
index of refraction and electro-mechanical coupling coefficient are 
determined. 

The value of the electromechanical coupling coefficient is 
determined by comparing the experimental insertion loss data with that 
generated on a computer. An outline is given for the theory upon which 
the computer program is based. In order for a comparison to be made, the 
experimental data must be corrected for acoustic losses. The acoustic 
loss data for a compressional wave propagating along the <111> axis in 
Germanium at 300°K is presented. 

The performance of a germanium acousto-optic modulator employing 
a ZnO thin film transducer is compared with that expected theoretically. 
The theory required for this comparison is outlined. At 10.6y the 


relevant photoelastic constant of germanium, P33? is found to be .42. 
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Also, the theory is shown to adequately describe the interaction between 
an electromagnetic wave and an acoustic wave in the Bragg regime. 

It is predicted that such a modulator can be used intracavity 
to simultaneously couple energy out of a C0, laser cavity efficiently 


and frequency modulate this coupled radiation. 
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effective area of target 

number of ions incident on a unit area per unit time 
ion density in glow discharge 
average random velocity of ions 
mean free path 

absolute temperature in °K 
total gas pressure 

Boltzmann's constant 

molecular diameter 


fraction of impurity species i trapped 
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Os = effective sticking coefficient of the species i 


Dp = deposition rate 

u = 10° mm of mercury or 107° mm 

B = magnetic field intensity 

N. = number of atoms of species i incident per unit 


area per unit time 


dine = interplanar spacing between planes having the 


Miller indices h, k, &. 


Op = Bragg angle 

dy = x-ray wavelength 

Ske = reciprocal lattice vector 

n = unit vector normal to the set of diffracting 


planes in the crystal 


dog = specimen to film distance 

"b. = partial pressure of oxygen in the sputtering gas mix 

Pay = partial pressure of argon in the sputtering gas mix 

Cop = weight concentration of an element in the specimen 

Coy = weight concentration of an element in the standard 

sp = measured intensity of an x-ray line of the element 

in the specimen 

Toy = measured intensity of an x-ray line of the element 
in the standard 

g = resistivity 

A = cross-sectional area 
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electrode separation 


measured resistance 


characteristic acoustic impedance of layer n 
dilatational acoustic velocity in layer n 
material density of layer n 

thickness of layer n 

constant strain dielectric impermeability tensor 
component 

constant displacement elastic stiffness component 
in matrix notation 

clamped capacitance 

electro-mechanical transformer turns ratio 
piezoelectric component in matrix notation 

top electrode area 

phase constant of layer n 

v=] 

acoustic matrix for layer n 

force at interface 

particle velocity at interface 

acoustic impedance of backing layers 

series capacitance due to ZnS layer 

relative dielectric constant of Zinc Sulphide 
Characteristic acoustic impedance of delay medium 
electrical matrix for layer n 

electro-acoustic matrix for layer n 


electrical source impedance 
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voltage 

current 

electrical load impedance 

insertion loss 

determinant of matrix M 

inverse of matrix M 

half of the smallest transducer dimension 
acoustic wavelength 

acoustic loss due to diffraction 


acoustic loss due to intrinsic attenuation 


3 3 9 
electric field intensity 

sound frequency 

acoustic wave number 

index of refraction 

énf; radian frequency of electromagnetic wave 
vacuum wave number 

the compliment of the angle between k and & 
(in the diffracting medium) 

vacuum wavelength 

slowly varying spatial and time dependence of E 
slowly varying x dependence of E 

complex conjugate of #(x) 

transducer length 

transducer height 


Raman-Nath parameter 
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dimensionless parameter related to the angle of 
incidence of an E-M wave on an acoustic wave 
dimensionless parameter related to the spatial 
phase difference between diffraction orders 
radiation path length 

angle between direction of diffracted beam of order 
n and zeroth order beam 

spatial phase difference between nth diffracted 
order and zeroth order 

function of a, Q, and »w 

intensity of zeroth order diffracted beam 
intensity of first order diffracted beam 
dielectric impermeability tensor component 
elasto-optic coefficient in tensor notation 
strain in tensor notation 

dielectric permittivity tensor component 
Kronecker delta 

refractive index tensor component 

general fourth rank tensor component 

axes transformation matrix having components a; | 
average acoustic power delivered to crystal 
R.F. power incident on transducer impedance 
matching network 

photoelastic figure of merit 

effective transduction efficiency 

angle between incident infrared beam and the 


normal to the diffracting cube 
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CHAPTER I 


INTRODUCTION 


1.1 Stimulus for the Investigation 


High frequency acousto-optic modulators and deflectors 
utilizing surface and bulk acoustic waves are presently being 
successfully employed in the control and processing of optical and 
infrared laser signals [1.1, 1.2, 1.3]. Such applications are of 
course, motivated by the desire to more fully utilize the large 
bandwidths afforded by these signals. 

In the infrared, control of the CO, laser is particularly 
attractive for communications and radar applications because it provides 
high power densities at 10.6 microns (uy) which is within the 8u to 14y 
atmospheric window [1.4]. Such an Infra Red Detection And Ranging (IRDAR) 
system proposed by M.E. Pedinoff and employing an acousto-optic modulator 
provided the impetus for the investigation to be described in this 
thesis [1.5]. 

In addition to improvements in the quality of existing materials 
and the discovery of new materials, the increasing use of acousto-optic 
devices for beam deflection has been due to the development of new high 
frequency acoustic techniques. These techniques include the use of thin 
films of piezoelectrically active materials as the active mediums for 


electro-mechanical transducers. Unfortunately not all piezoelectrically 
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active materials perform satisfactorily in thin film form. Only those 
which have a high degree of symmetry and chemical simplicity, such as 


Zinc Oxide (ZnO), have been successfully employed. 
1.2 Background 


Detection and Ranging systems were developed during the Second 
World War for military applications. In the post war period their use 
has been primarily to aid in air and sea navigation. Needless to say, the 
performance of such systems had to greatly improve in order to keep pace 
with the rapid development in the aviation industry. Now, with the 
advent of the space age, another order of magnitude improvement in 
performance is needed. 

Active Detection and Ranging systems transmit a pulse of 
radiation at a particular frequency and then attempt to detect that 
portion of the transmitted radiation which has been back-scattered towards 
the receiver. By measuring the time between transmitting the pulse and 
receiving the echo, the range or distance of the object from the 
transmitter can be determined. 

If the transmitting and receiving antennae are one and the same, 


the maximum range is given by the classical diffraction limited Radar 





equation 
Bias (1.1) 
where P. = peak transmitted power, 
o. = object cross-sectional area, 
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Av = area of transmit-receive antenna, 
r = radiation wavelength in a vacuum, 
= maximum 
ate. aximum range 
and yt = minimum received power which may be 
min 


unambiguously detected [1.6]. 


Intuitively it can be seen that the range resolution or the ability of the 
system to resolve individual objects out of a group of objects is inversely 
proportional to the pulse duration and beam width [1.7]. From the previous 
statement and equation (1.1) it can be seen that, for maximum range and 
resolution, a high energy short duration pulse having a small beam 
divergence or equivalently a short wavelength is desirable. In addition 
to these pulse characteristics it is also desirable to have a large 
receiving antenna area so that more of the reflected signal may be 
captured. Lastly, but by no means least important, is the requirement 
for a small minimum detectable signal. The most sensitive detection 
systems are coherent or heterodyne systems and these are invariably 
employed in radar systems. In heterodyne detection a high power, local 
oscillator signal is combined with the low level target signal and the 
resultant signal is fed into a square law detector. The output of this 
detector will have a component at the difference frequency which is 
proportional to two times the product of the target signal and local 
oscillator signal levels. Thus by increasing the local oscillator signal 
level the detection sensitivity or signal to noise ratio can be increased 
allowing lower reflected powers to be detected. 

The target velocity may be determined either by measuring the 


change in range per unit time or by measuring the change in frequency 
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of the reflected radiation due to the Doppler effect. If the second 
method is employed, the system resolution can be improved since the 
targets may also be resolved on the basis of their differing radial 


velocities [1.8]. The Doppler frequency shift and radial velocity are 


related by 
tt 
aint ot 25% (1.2) 
where cot Doppler frequency shift in radians/sec, 
Nate target radial velocity, 
c = velocity of light in a vacuum 
and we = carrier frequency in radians/sec [1.6]. 


Thus, the radial velocity resolution is directly proportional to the 
carrier frequency. Again the advantage of having a large carrier frequency 
is apparent. 

In a conventional radar system one would find peak pulsed powers 
of approximately one megawatt at a frequency of 1 GHz with pulse 
durations in the order of 1 usec, being used [1.9]. If, on the other 
hand, C0, laser radiation (f = 2.83x10!3 Hz) could be employed, a gigawatt 
peak pulsed power with a pulse width of 1 nanosecond is available [1.4]. 
Although the C0, laser is not the only laser capable of producing such 
short, high energy pulses, it is the only one which can do so at a 
wavelength (10.6 u) where atmospheric attenuation is low (8u to 14y 
window). Clearly, as transmission losses increase, the maximum range 
decreases. Such a system would, of course, require coherent detection. 


Such detection in the infrared does not reduce the minimum detectable 
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power relative to the conventional systems and is in fact much more 
difficult to accomplish due to the stringent alignment requirements. 
However, if similar values of ae (per unit bandwidth) can be achieved 
then the significant improvements in range and resolution due to the 
10.6 transmitter characteristics can be realized. 

An infrared system, however, does have several practical 
limitations. For instance, one would not expect to use such a system in 
the ‘search’ mode due to its narrow beam cross-section. Instead, it would 
have to be used in conjunction with conventional radar which would 'lock' 
the laser system onto the target. Also, the maximum I.R. detector 
frequency response, at present, is only 1 GHz. This is certainly adequate 
for detecting the Doppler shifts due to the velocities of aircraft, 
however, for space applications several gigacycles of change in frequency 
may be expected. One method of reducing the requirements on the detector 
would be to modulate the transmitted beam and thereby translate the 
Doppler frequency down to a frequency which can be detected. Also, the 
effect of the necessarily larger receiver bandwidth and concomitant 
increase in P _ may be somewhat offset by employing a multichannel 
receiver. tom 

The above discussion can be summarized by stating that an IRDAR 
system (at 10.6u) would provide improved range and resolution over 
conventional RADAR for Doppler-tracking applications. The requirements 
of such a system are: (1) high energy short duration pulses of high- 
frequency radiation which do not suffer severe atmospheric attenutation; 


(2) coherent detection and; (3) facility to frequency modulate the 


transmitted radiation. 


1.3. Description of Proposed Heterodyne System 


The proposed 10.6n laser heterodyne system using an ultrasonic 
frequency translator and deflector as an intracavity element is shown in 
Fig. 1.1. The motivation for using ultrasonic modulators as intracavity 
elements stems from the fact that a single frequency travelling ultrasonic 
wave can produce a pair of oppositely-directed, oppositely-frequency- 
shifted optical beams whose frequency difference is twice the ultrasonic 
drive frequency (w,) ELA ie 

Therefore, the C0. laser oscillator in Fig. 1.1 not only injection 
locks the C0. laser amplifier to a frequency Wo but also provides the 
continuous local oscillator power necessary for heterodyne detection. 

A portion of the radiation travelling to the right from the frequency 
stable (wo), low power, cO., laser oscillator is diffracted towards the 
detector by the ultrasonic modulator. The remainder of the radiation 
passes through the pulsed, low pressure transversely excited C0. laser 
amplifier. During the time this amplifier is pulsed on, this beam will 
be amplified and a portion thereof, upon returning to the modulator, will 
be diffracted towards the collimator. Depending upon the pulse width and 
cavity dimensions mutliple transits may occur in which case a high 
intensity pulse will also be directed towards the detector. If allowed to 
reach the detector element such a pulse would destroy it. Detector 
isolation can be provided by electro-optically scattering the incident 
radiation pulse. Due to the ultrasonic Bragg diffraction phenomenon the 
frequency of the beam directed towards the detector will be om + We while 
that diffracted towards the collimator will be Wa 7 Wes A single 


frequency travelling wave is guaranteed by anechotically terminating the 
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8 
acoustic beam after it has traversed the modulating medium. If the down- 
shifted beam encounters a moving object it will be scattered and Doppler 
shifted in frequency to WO 7 We it Wye A small portion of this radiation 
will be reflected 'normally' and will therefore be parallel with the local 
oscillator beam upon entering the detector. This is extremely important 
for heterodyne detection. Depending on the system range specifications, 

a high pressure, TEA C0., laser may be used to further amplify the target 
signal (see Fig. 1.1). 

In a solid state photodetector the change in current is 
proportional to the square of the total electric field intensity at the 
detector. Therefore, when two waves differing in frequency by Wig and 
having an angle 6 between their directions of propagation, are incident on 
a detector of surface area Aye the signal current (i) at the difference 


frequency is given by 


27s ine da 
UN ate rege 
igloig) = AgEsELocos(; st) atmo 2, — = 
2d 
where Wie = 20. + wy = information frequency, 
We = ultrasonic drive frequency in radians/sec 
E. = electric field intensity of the low level 
Signal, 
EL = electric field intensity of the local 
oscillator signal, 
and La = linear dimension of the detector in the 


direction defined by the intersection of 
the plane of incidence with the detector 


surface [1.11]. 
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9 
This is the fundamental equation of photomixing or heterodyne detection. 
From equation (1.3) it can be seen that heterodyne detection not only 
provides a method of considerably increasing the receiver sensitivity by 
increasing EO but also, it permits translation of the Doppler-shifted 
radiation signal down to some convenient information frequency (2, * w4) 
for precise filtering of the Doppler information. 

Also, as can be seen from equation (1.3), the signal current is 
critically dependent on 8, being a maximum for 6 = 0. For instance, when 
6 = 3.2x107° degrees and y= 1 mm, the signal current has already been 
reduced to 84% of its maximum value. This is indeed a stringent colinearity 
restriction. In the proposed system, however, this problem is overcome 
for all modulation frequencies by virtue of the fact that the two acousto- 
optically diffracted beams are always parallel due to the symmetrical 
nature of the ultrasonic Bragg diffraction phenomenon. 

Thus, not only has the intracavity ultrasonic modulator supplied 
the necessary beam colinearity but it has also reduced by a factor of 2, 
the required We for a specified Was This becomes significant when the 
ultrasonic attenuation in solids at room temperature is considered. 

For example, as shown in Chapter IV, the attenuation in single crystal 
germanium at 300°K is already 5 db/cm for 500 MHz compressional waves 
propagating in the <111> direction. Since operation at a single frequency 
is required in this system the main design specification placed on the 
transduction system is one of maximum efficiency at Wes The required 
acoustic bandwidth is an important specification which must be considered 
when choosing the transducer active medium, since the available acoustic 
bandwidth is proportional to the square of the active medium coupling 


coefficient. Therefore, a large bandwidth requirement could force the use 
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of a thin, single crystal plate for the transducer active medium. Such 
transducers are technologically difficult to fabricate, as will be 
discussed in Chapter II. With some modification this proposed system 

may be used as a bilateral Doppler compensated space communications link. 
In such a system, the frequency transmitted by the stationary station is 
We 7 Wg 7 Wee SO that the frequency of the signal received in the moving 
station is We 7 Wage By heterodyning with a local oscillator Wes the 
Signal having the proper information center frequency, Wags is received. 
Conversely, the signal transmitted by the station in motion will be at Wee 
The frequency of this signal at the stationary station will be we + wg 
and, therefore, it will have to be heterodyned with a frequency at 

We + Wy + Wig to provide the signal centered at the difference frequency 
of Wage However, in this system the ultrasonic drive frequency 

a (w4 + Ws ¢) will have to be variable and gain-bandwidth considerations 
will become important. 

Finally, it should be mentioned that the system proposed has been 
designed utilizing guidelines formerly reserved for the microwave region 
of the electromagnetic spectrum. As DeMaria has stated, this is possible 
because the C0. laser is presently the only laser that can be designed so 
as to optimize its performance as either a stable-frequency master 
oscillator, power oscillator, low noise-high gain preamplifier, or an 
intermediate-or-high-power amplifier [1.4]. 

Clearly the feasibility of such a system hinges on the efficiency 
of the ultrasonic frequency-translator and beam-deflector. Such an 
acousto-optic modulator consists of an electromechanical transducer 


attached to a modulation medium which has antireflection (A.R.) coated 


faces perpendicular to the direction of propagation of the infrared beam. 
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1] 
The high frequency transducer consists of a thin layer of high resistance, 
piezoelectrically active material between two metal electrodes. The 
bottom or counter-electrode is attached to the modulation medium. The 
required transducer frequency will be determined by either the frequency 
response of the detector or the acoustic losses in the modulating medium. 
To prevent time varying diffracted beams the acoustic beam should be 
anechotically terminated and a reduction of acoustic and electromagnetic 
losses can be accomplished by cooling the modulation medium. 

The development of such a modulator is the subject of this 


thesis. 
1.4 Present Work 


The maximum detectable modulation frequency in infrared solid 
state detectors is at present ~ 1 GHz. In Chapters IV and V, the 
Superiority of germanium as an acousto-optic modulator material at 10.6u 
is referenced. It is shown that in germanium the maximum diffraction 
efficiency occurs when the electromagnetic wave is polarized in the <111> 
direction and interacts with a <111> directed ultrasonic compressional 
wave. Also, the ultrasonic attenuation in germanium is shown to limit 
its use to frequencies below 500 MHz. Therefore, in Chapter II the 
fabrication of thickness dilatational transducers having a resonant 
frequency of 400 MHz is discussed. The basis for employing a thin film 
of Zinc Oxide (Zn0) as the active medium is given and the methods of 
deposition considered. A detailed description of the Triode sputtering 
system constructed is also presented. 


Chapter III deals with the effect of the deposition parameters 
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12 
on the orientation of the crystallites in the ZnO films. The effect of 
the partial pressure of oxygen in the sputtering gas mix and the 
crystalline state of the nucleating gold thin film are shown to have 
considerable influence on the structure of the ZnO thin films. Also 
presented in this chapter are the results of the non-structural 
investigations performed on the films. The films are shown to have 
resistivities greater than 10°2-cm, relative dielectric constants of 8.5, 
refractive indices in the 2.51 to 10u region of 2.1 and band gap energies 
of 3.2 ev. 

In Chapter IV a detailed description of the transducer fabrication 
process is presented and the details of the acoustic investigation are 
given. A mathematical model suitable for computer programming, and simulating 
a ZnO thin film transducer acoustically radiating into single crystal 
germanium was developed and is outlined. Implementation of this theory 
requires correcting the experimental data for acoustic losses. The 
procedure for determining these losses and the results are given. In 
particular the intrinsic attenuation data for a longitudinal acoustic wave 
propagating along the <111> axis in Germanium at 300°K is determined. 

By comparing the experimental and computed insertion loss data, a value of 
ky (electromechanical coupling coefficient) greater than or equal to 90% 
of the ZnO bulk value is obtained for the active ZnO thin films produced. 

The acousto-optic performance of the modulator is given in 
Chapter V. The necessary theory for Bragg regime diffraction is outlined. 
The experimental results and theory are compared and the correlation is 
shown to be excellent. The effective photoelastic constant of germanium 
evaluated is Pr corresponding to radiation polarized in the <111> 
direction interacting with a <111> directed dilatational acoustic wave. 


The value of p! 


33 obtained in this investigation was found to agree with 


7; 
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that determined elsewhere [1.12]. It is felt that this agreement lends 
considerable credibility to the techniques described and conclusions 


made in this thesis. 
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CHAPTER II 


THE ACTIVE MEDIUM AND FABRICATION SYSTEM 


2.1 Introduction 


In addition to its elastic, dielectric, and piezoelectric 
constants, a real transducer material has other properties which are 
not easily specified by numbers. The choice of the fabrication 
technique is dictated by these properties. 

In the following section it will be shown that for efficient 
high frequency thickness dilatational transducers the requirements on 
the physical constant are; a piezoelectrically active medium having a 
thickness of less than ten microns, a large coupling coefficient, Kis 
and a small relative dielectric constant, K. The effect of the 
transducer size on the choice of the fabrication technique is referenced. 
In these references it is suggested that for high frequency transducers, 
at present, single crystal plates are superior when acoustic beams of 
small cross-sectional areas (djameter < 2 mm) are required whereas, thin 
film transducers are superior for generating large area (~ .5 cm) 
acoustic beams. This is due to the difficulties encountered when bonding 
and lapping single crystal plates which are uniform over large areas. 
Since large area transducers are needed for high acousto-optic diffraction 
efficiences one is limited to thin film techniques. On the basis of its 
superior bulk physical constants Zinc Oxide (Zn0) was selected for 


deposition. 
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In the third section of this chaptér the possible methods of 
depositing ZnO are discussed, and a general description of a triode 
Sputtering system is given. The system which was constructed is described 
in detail in Sections 2.3.4 and 2.3.5. The chapter is followed by a 


discussion and conclusion. 
2.2 Choice of Active Medium Material 


Table 2.1, taken from Meitzler, lists all (up to 1969) the piezo- 
electric and ferroelectric materials of practical interest for high- 
frequency transducers for which a substantial amount of information is 
known [2.1]. All the parameters required for the equivalent circuit 
analysis are presented. 

The first column designates the material by its nominal chemical 
formula, except in the case of the ceramic compounds which are designated 
by their trade names. The point-group categorization of the material, in 
Hermann-Mauguin symbols, is presented in parenthesis. The symbols [D] or 
[S] indicate whether the information on a given line applies to thickness- 
dilatational or thickness-shear transducers. The second column indicates 
the orientation required for a layer of the material to operate in the 
mode. indicated. The third column presents the ‘effective’ value of the 
electromechanical coupling coefficient, Ky» applicable for the mode of 
vibration indicated. This constant is related to the portion of electrical 
energy which will be transformed into mechanical energy. K, the 'effective' 
relative dielectric constant is presented in the fourth column. The fifth 
column lists the value of the frequency constant for what is conventionally 


termed the ‘parallel resonance frequency, we which is the frequency at 
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which the transducer thickness is equal to half the acoustic wavelength. 
The numbers in the last column refer to the mechanical impedance of the 
transducer material. 

Since a maximum transduction efficiency is the prime design 
specification to be met, an active’ material having a large coupling 
coefficient, a mechanical impedance approximately equal to that of 
germanium and a low relative dielectric constant is necessary. It can be 
seen by definition, that a large coupling coefficient is advantageous. 
Because the transducer and modulator medium constitute an acoustic 
generation and transmission network their mechanical impedances should be 
matched for maximum acoustic power transfer. The requirement for the 
lowest possible material dielectric constant follows from the capacitive 
nature of the transducer. To reduce the capacitive loading, the 
transducer impedance should be as close as possible to 502. As shown 
below, due to the required transducer physical dimensions, a 502 impedance 
necessitates a value of K less than unity. Since this is impossible an 
impedance matching network will have to be employed. The matching 
requirements of this network will depend upon the impedance mismatch which 
should therefore be kept as small as possible. 

As stated in Chapter I, the transducer consists of a high 
resistance material between two conducting electrodes. Therefore, 


electrically it is simply a capacitor whose impedance is given by 


d 
Z| = 2ut Ke.S * (2.1) 
0 
where d = thickness of active medium, 
f = frequency, 


E6 permittivity of free space 
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and S = top electrode area. 


Since a transducer operates most efficiently at or near foe and because 
frequencies above 300 MHz are being considered, the required transducers 
will be less than 10y thick. Also, as shown in Chapter V, areas in the 
order of 1 cm? are required for sufficient acousto-optic diffraction 
efficiencies. Using these values and solving for K in equation (2.1) 
one finds the relative dielectric constant should be .12. For increased 
frequencies this value will be lower. In this case, the need for a 
material dielectric constant close to unity will be even more acute. 

Based upon the above considerations,from Table 2.1 Ba NaNb,01, 
appears to be the best choice since it has the highest thickness 
dilatational coupling factor and a relative dielectric constant less than 
50. However, as referenced below, large, high frequency transducers using 
lapped and bonded single-crystal active mediums are technologically very 
difficult to produce. 

Investigations have been performed using bonded and subsequently 
lapped signle-crystal plates as transducers for signal processing 
applications requiring 3 db bandwidths of a few hundred megacycles with a 
center frequency up to 500 MHz [2.2, 2.3, 2.4]. The bandwidth requirements 
demanded coupling coefficients of approximately .5 and small area top 
electrodes to provide a 502 capacitive impedance. Even with these small 
areas (diameter ~ Imm.) the bonding problems were extremely involved [2.2]. 
For example, epoxy bonding requires a "built-in" interferometer to be 
incorporated into the transducer-bond-substrate since a thickness of only 
one-one hundredth of an acoustic wavelength can be tolerated. This is 
because the specific mechanical impedance of epoxies is low relative to 


other solid materials. In the case of indium bonding techniques, there are 
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three thin films involved in the bond as well as a requirement for 
precision pneumatic (1,000 to 10,000 psi) pressing under vacuum of the 
two overlaid surfaces. After bonding the crystal plates must be uniformly 
lapped or sputter machined. Meitzler states, "The achievement of 
transducer layers with lateral dimensions of several mm and thicknesses 
of several um, requires elaborate means to measure and maintain alignment 
of surfaces with high angular precision of the order of + 5 sec of arc" 
[2.5]. In view of the above discussion it is not surprising that Warner 
States, "thin film transducers continue to have advantages, particularly 
for applications involving frequencies in excess of 1 GHz or for 
applications involving extended areas or curved surfaces" [2.3]. 

Since large area transducers are necessary for high diffraction 
efficiency acousto-optic modulators one is therefore, finally limited to 
selecting the best thin film material. Returning to Table 2.1, ZnO is 
the obvious choice. The ultimate success of this trade-off between 
coupling coefficient and bonding layer loss, will of course depend upon 
the degree of perfection obtainable in the thin films and their power 


handling capabilities. 
2.3 Thin Film Deposition System 


The capability of independently controlling as many of the 
system parameters as possible should be possessed by any prototype 
fabrication system. In the case of a thin film deposition system, 
independent control over all of the deposition parameters is virtually 
impossible. However, systems which approach this objective more closely 


than others can be constructed but at a cost of increased complexity. 
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2.3.1 Choice of Deposition System 


Thin film preparation can be broadly divided into two classes; 
One which depends upon the physical ejection of material from a source 
and a second which depends on a chemical reaction. 

Since the chemical method by definition, involves a chemical 
reaction, it is unsuitable for the present multi-layer application. The 
reaction processes available restrict the choice of substrate and materials 
which may be deposited. Due to this lack of universality, the choice of 
thin film preparation was therefore limited to a method within the 
physical ejection class. Two distinct processes are included in this 
class;evaporation and sputtering. 

Compounds may be directly deposited in an inert atmosphere or 
in a reactive atmosphere in which one or more of the elements of the 
compound are intentionally introduced into the vacuum chamber. The 
direct evaporation of ZnO is very difficult because first, ZnO is 
refractory, having a melting point of 1975°C and second, there is a 
considerable difference in vapor pressures of the two components. Reactive 
evaporation, where zinc is evaporated in an oxygen atmosphere is possible 
and has been attempted with limited success relative to that obtained by 
sputtering [2.6]. 

If the ejection of material is due to positive-ion bombardment, 
it is referred to as ‘cathodic sputtering'. This is the most inexpensive 
and widely used method of sputtering because the ions may easily be 
supplied by a plasma discharge. 

In a diode sputtering system, the discharge may be generated 
between two electrodes one of which, the cathode, is composed of the 


material to be sputtered. In this system the sputtering parameters 
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cannot be varied independently, and pressures generally greater than 

approximately thirty microns are necessary for a stable glow discharge. 

Due to this lack of flexibility such systems are usually constructed for 

depositing materials whose general deposition characteristics have 

been determined in a more experimentally oriented triode sputtering system. 
Therefore, due primarily to its greater experimental flexibility 

a system having a triode configuration was constructed for ZnO thin film 


transducer fabrication. 


2.3.2 The Sputtering Process in a Triode System 


The basic components and their relative orientation in a triode 
Sputtering module are shown in Fig. 2.1, [2.7]. The plasma is formed 
independently as the positive column of a discharge maintained between a 
thermionic cathode and an anode. If the material to be sputtered is not 
a dielectric, sputtering is accomplished by inserting the target in this 
plasma as a separate negative electrode. In the case of a dielectric RF. 
must be used on the target electrode. In the case considered here where 
ZnO, a semiconductor, was sputtered the main advantage of incorporating 
a thermionic cathode is that even without a magnetic field a plasma can 
be maintained at much lower gas pressures (low millitorr region) than in 
a d.c. glow discharge. 

An adequate description of the processes which take place at 
a target in contact with a low-gas-pressure plasma is furnished by 
Langmuir's probe theory. The plasma has such high electrical 
conductivity that a voltage applied to a probe or target does not result 
in field changes throughout the whole column but only in the immediate 


vicinity of the probe. When a negative voltage is applied with respect 
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to the plasma (or with respect to the anode since anode potential is 
usually close to plasma potential), the plasma electrons in the electrode 
vicinity are repelled, a positive ion sheath is formed through which the 
ions stream from the plasma toward the electrode. The major part of 


this voltage drop is localized in this sheath. The current density to 








Magnetic field 
constraining plasma 


Dark space Substrate 


sheath Film 
Target 
probe 
4 Magnet 
coil 
Auxiliary Plasma 
oe Hot cathode 
Gas inlet 
Auxiliary anode sometimes used Pressure range = 5 x 1074 -1072 torr 


as this renders target ion current 
less dependent on ionization 
conditions. Anode voltage = 0.2 - 0.5 kV 


Target voltage = 1-2kV 


Fig. 2.1 Low Pressure Sputtering or Triode System. 
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24 
the target is related to the applied potential and sheath thickness 


by Langmuir's space-charge equation 


V 3/2 
ee Le 26h lei. 
J si 9 {24 cus (2.2) 
sh 
where jr = ion current density drawn by probe, 
e = electronic charae, 
+ : 
m = mass of ion, 


Vy = probe potential 
and d., = sheath thickness [2.8]. 


This is the usual equation used to describe the current vol tage 
relationship in a standard, Space Charge limited electronic tube. However, 
in our case the source of charged particles 4s the positive column and is 
therefore limited by the number of ions incident on a unit area per unit 


time as given by 


where n° number of ions incident on a unit area 
per unit time, 

At = effective area of target, that is, the 
target sheath area which depends upon doy, 


and I = target ion current. 


From kinetic theory 


n = 2 (2.4) 
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where a = ion density in the glow discharge 


+e 
and ) 


the average random velocity of the ions [2.9]. 


Note, there will be little spread in v" because the ion temperature is 
not much higher than the gas temperature. 

From equations(2.3) and (2.4) the current density to the target 
is constant for a particular plasma density which in turn depends on the 
pressure and anode potential. Also, as Vr is increased, the sheath 
thickness increases causing an increased effective area. This permits a 


coarse adjustment of target current and deposition rate. 
2.3.3 General Characteristics of a Triode Sputtering System 


Low Pressure Operation 


By operating at gas pressures where the mean free path of ions 
and sputtered atoms becomes comparable with or larger than the ion- 
accelerating region or the chamber dimensions, one reduces or eliminates 
many of the complications inherent in glow discharges (diode sputtering). 
Some of these complications are; diffusion of sputtered material back 
to the target, poorly defined bombarding ion energies and angles of 
incidence, as well as charge-exchange effects in the ion-accelerating 
region. The last effect is due to the fact that an ion moving in its own 
gas has a relatively high probability of transferring its charge to a 
neutral atom. After the transfer, the neutral, which was formerly the 
jon, continues with the momentum which it possessed prior to charge 
transfer while the newly formed ion has only thermal energy. If this 


effect is severe, most of the ions and neutrals which reach the cathode 
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will have essentially zero energy resulting in much lower sputtering 
yields [2.12]. 


The mean free path of a gas molecule is given by 
Sire Wie 
V2n8°P. 


mean free path of gas molecule, 


Mobs Pi (2.5) 


where M.F.P. 


Kp = Boltzmann's constant, 
tO = absolute temperature in °K, 
§ = molecular diameter, 

and Pr = total gas pressure [2.10]. 


Using this formula, with P. = 5u of Argon, § ave. = 3.25 and 
T® = 373°K, a mean free path of 1.65 cm is obtained [2.11]. 
There is, however, at least one disadvantage to operating at 
low pressures, namely the entrapment of inert gas impurities in films during 


deposition. The fraction of impurity species trapped in a film is given 


M N 
aN. 
f, = aN Dp (2.6) 
where N. = number of atoms of species i incident 
per unit area per unit time, 
f. = fraction of impurity species i trapped, 
a, = effective sticking coefficient of the species i, 
and Da = deposition rate [2.12]. 


It has been shown that for inert gases having thermal energies, 


ot is effectively zero but also that if their energies were greater than 
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100 ev. a; approached unity [2.13, 2.14]. This energy was presumed to 

be sufficient to drive the argon atoms into the surface, where they would 
then be held. Since some energetic neutrals will be reflected from the 
target, due to charge exchange for example, progressively fewer of these 
will arrive at the substrate with energies greater than 100 ev as the 
ee vce is increased. Therefore, provided the use of high pressures for 
Sputtering does not of itself lead to the presence of excess impurities, 


the purest films are obtained by sputtering at higher pressures. 
Configuration 


Since the discharge is fed and maintained by the electrons 
released from the thermionic cathode whatever happens at the target in a 
triode system is unimportant for maintaining the plasma. One is 
therefore free to select the bombarding-ion energy even down to very low 
energy independent of the other parameters like discharge current or gas 
pressure. Also, one can regulate the bombarding-ion current density 
independently by controlling the main discharge current. This, of course, 
is conducive to a better understanding of the basic sputtering process as 
well as experimental flexibility. An excellent example of the latter 
point is the increasing use of Systems having the triode configuration 
for selective surface etching and implanting foreign ions in solids to 
modify their surface layers; that is, essentially using the system in 
reverse. 

There are, however, at least two disadvantages to this system 
configuration. First, it is difficult to provide uniform films over 


extended areas; and second, such a system is more cumbersome to build 
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and operate than its diode counterpart. 


2.3.4 The Deposition System Constructed 


The transducer fabrication system constructed is shown 
schematically in Fig. 2.2 and photographically in Fig. 2.3. 

The nucleus of the system was a six inch diameter, six arm 
glass cross, which was mounted on a 1000 litre per second Carl Herman 
Associates high vacuum pumping station. Although the module was not 


bakeable, base pressures of 5x107/ 


Torr, aS measured on an N.R.C. cold 
cathode ionization gauge, were easily obtained when the Meissner trap, 
located in the chamber, was cooled down to v 130°K. For pressures greater 
than .5u a precision M.K.S. capacitance manometer pressure gauge was used 
so that the sputtering gas mix could be more accurately monitored and 
control led. The substrate table temperature could be raised to 450°C. 
Also included in the system was a three element target changer assembly 


so that three separate materials could be sputtered at will, without 


breaking the vacuum. 


Chamber Cold Trap 


A Meissner type of cold trap was chosen because it could be 
cycled very rapidly. This is necessary if the substrate is to be removed 
from the vacuum chamber within 30 to 60 minutes after deposition 
termination. If the chamber were to be opened immediately after deposition 
was completed and the chamber trap was still pumping, then it would become 


saturated with the condensable vapors from the atmosphere. This of 
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Capacitance manometer pressure head 
To reference high vacuum 
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Insulating glass feedthrough plate 
Electrical connections (thermocouple, heater) 
Meissner cold trap 

Liquid nitrogen 

To diffusion pump 

Dual filaments 
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Sputtering target 
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Fig. 2.3 Photograph of Triode Deposition System Constructed. 





Fig. 2.4 Substrate Arm Vacuum Plate; Fig. 2.5 View of Targets During 
Substrate Table, Masks and Operation. 
Holder; Presputtering Shield; 
Target Shield. 
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course would contaminate the system for the subsequent runs. 

The pipe array was cooled, when its pumping action was 
required, by forcing cold nitrogen gas through it. This was supplied 
from a pressurized dewar (evident in Fig. 2.3) with the efflux going 
into the surrounding atmosphere. The temperature of the efflux was 
monitored and kept at about -140°C. Rapid warm-up of the trap prior to 
atmospheric exposure was achieved by forcing dry gas under pressure 
through it. 

A heating element was situated on the transfer tube at the 
junction of the pressure release valve and pressurizing gas inlet. 
Besides preventing the pressure release valve from freezing, this element 
allowed coarse temperature regulation of the nitrogen gas. This was 
necessary to prevent the sputtering gases from condensing. Oxygen 
liquifies at 90°K and Argon at 86°K. 

The trap was located in the pumping arm and shaped in the form 
of a conical helix. The trap, therefore, offers a large surface area 
and a low molecular conductance path between the Hepes tion chamber and 
the high vacuum region. Thus, both condensable vapors from the 
deposition chamber and backstreaming 011 vapors migrating into the chamber 
are effectively trapped. Although, some throttling was provided by this 


trap, a mechanical throttle was still found necessary. 
Pressure Measurement 


The accurate control of the partial pressures of the gases used 


in the chamber during deposition, as will be shown, was of the utmost 
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importance. During the investigation ionization, thermocouple and 

pirani gauges were tried, however, all showed an intolerable dependence 
upon the gas species present. The M.K.S. capacitance manometer vacuum 
gauge, however, is species independent and proved to be adequate. This 
gauge measures the change in capacitance resulting from the deflection of 
a membrane which separates a constant pressure (high vacuum) reference 
chamber and the unknown pressure chamber. The complete measuring head 

is temperature controlled for added stability. The pressure is directly 
measured from the number of molecular collisions per unit area per unit 
time and is not dependent upon a property peculiar to the gas such as 
thermal conductivity or ionization potential. Corresponding to a 
pressure of 5 microns as measured on the M.K.S. gauge, the pressure inside 
the main chamber shield was 4.2u. The pressures specified in this thesis 
were taken directly from the M.K.S. capacitance manometer readout. 

It should be noted, however, that the ideal measurement system 
would consist of a species independent gauge used in conjunction with flow 
meters on each of the gas input lines. This is because, in a flowing 
system the true partial pressures, which are the significant parameters, 
can only be determined if the pumping speeds of the individual gases as 
well as their respective throughputs are known. As implied, all gases are 
in general not pumped equally. This can be due to the pump itself but also 
due to selective getter pumping by the vacuum chamber walls, filaments or 
in the case of a thin film deposition system, by the freshly deposited 
films. In this latter situation an accurate determination of the 
individual pumping speeds is difficult. Thus, in a dynamic system the 
best alternative is to specify the mass flow of the individual gases and 
the total pressure together with a schematic of the system showing in 


particular the location of the vacuum gauge, as well as the system volume 
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and internal structure. The partial pressure measurements given later in 


the thesis should, therefore, not be considered as absolute. 
Gas Introduction System 


The pure gases, Argon (99.999%) and Oxygen (99.997%) were 
introduced into the system through a pyrex mixing manifold. The ‘mixed! 
gas inlet was located on the probe arm vacuum plate. Due to the position 
of the target shield during deposition the gas was forced to flow through 
an annular area surrounding the target. It should be noted that 
industrial grade gases were tried. In this case the Meissner trap became 


visibly covered with condensed vapors within 30 minutes. 
Anode 


The anode was simply an aluminum disc with rounded front edges 


mounted onto a water cooled, insulated feedthrough. 
Filaments 


The coiled (~ 3 loops) filaments consisted of two strands of 
.020 inch tungsten wire twisted together. When run at 45 amps in a pure 
argon atmosphere they had a lifetime of approximately 1500 minutes. 
However, in a 60% - 40%, 0, - Ar atmosphere their lifetime was reduced to 
approximately 150 minutes. Since ZnO deposition times of ~ 250 minutes 
were required, dual filaments were installed. The filaments were mounted 


on insulating, water cooled feedthroughs. The filament chamber was 
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provided with a tantalum shield having a center aperture 2 inches in 
diameter. In this way, the system contamination from the filaments was 
reduced and, at the same time the electron source was effectively 


centralized. 
Electromagnets 


In order to confine and further centralize the discharge two 
cylindrical electromagnets were mounted as shown in Fig. 2.2. Plasma 
confinement, of course, allows stable discharges to be operated at low 
pressures. In this sytem, sputtering was possible at pressures less 
than 5x10" Torr with an anode potential of approximately 100 volts, 

2.5 amps anode current and a magnetic flux density of 120 gauss. The B 
field was produced by running 2 amps through approximately 2000 turns of 


number 20 magnet wire. 
Substrate Table 


The substrate table consisted of a two inch diffusion pump 
heating element disc enclosed in an aluminum pill box type of structure 
(see Fig. 2.4). A type J thermocouple was centrally mounted and in good 
thermal contact with the table. The heating element was used for vacuum 
annealing the gold thin films and was not used during ZnO deposition. 

The heating table could be electrically biased with respect 
to the anode because, the heating element was electrically floated by 
connecting it to an isolation transformer and the vacuum linear 


feedthrough for the table was mounted in an insulating glass annulus 
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which in turn was supported by the substrate arm vacuum plate. The 
linear feedthrough was necessary for varying the target substrate 


separation as well as permitting target changing under vacuum. 
Presputtering Shield, Target Shield 


Also mounted on the substrate arm vacuum plate were the linear 
feedthroughs for the target and presputtering shields (see Fig. 2.4). 

The presputtering shield was simply a piece of 'pie shaped' 
aluminum sheet while the pyrex target shield was shaped as shown in Fig. 
2.2. The target shield, during sputtering was translated to a position 
adjacent to the unused targets. In this manner, back-scattered, 
sputtered material was prevented from contaminating the surfaces of the 
targets not in use. It also provided a guard ring necessary during the 


deposition of ZnO. 
Substrate Mount and Indexed Masks 


Many differently shaped substrates requiring a variety of 
holders were used during the course of this investigation. The one shown 
in Fig. 2.4 was used to hold the germanium cubes on which the transducers 
were fabricated. The two piece holder was spring loaded and equipped 
with two indexing pins necessary for repeatable, accurate masking. 

Also shown in Fig. 2.4 are two masks, one attached to the 
presputtering shaft and a second, adjacent to the holder. The former was 
used when the vacuum was not broken between the gold and zinc oxide 


deposition while the latter was used when the vacuum was broken. 
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As mentioned in Section 2.3.3 films triode sputtered are not 
uniform in thickness over extended areas. This difficulty is compounded 
by the substrate mask, in fact, for masked areas much smaller than the 
target area, their effect becomes dominant. To reduce the contribution 
to nonuniformity by sputtered material reflected from the mask edges, 


Sharp edges were used. 
Chamber Shields 


To facilitate rapid cleaning of the module the four horizontal 
arms were lined with fitted, removable glass liners. The main chamber 
liner was simply a pyrex cylinder with two, 1 1/2 inch diameter holes 
colinear with the plasma path. These apertures provided the only pumping 
access to the deposition region. In addition, due to their size, they 
served to further confine the plasma and reduce the contamination from the 
discharge electrodes. This liner could not be separated into two smaller 
liners since it supported the target shield, previously mentioned, during 


its translation. 
Probe 


The target mounting section of the probe is illustrated in 
Fig. 2.6 Basically the device was a water cooled coaxial transmission 
line, terminated in the target material. This design made it useful for 
R.F. as well as D.C. sputtering. 

It has a tapered termination which was found necessary for 


guiding the target onto the probe as well as for the formation of an 
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acceptable thermal contact between the target and probe. The target 
drawbolt could be linearly moved along the probe axis. The drawbolt 
vacuum seal was located at the matching network end, not shown in Fig. 
2.6; the vacuum seal between the inner and outer probe conductors was of 
a swadgelock nature and was located approximately two inches from the 
target; and finally the outer conductor vacuum seal was located on the 


probe arm vacuum plate. 


Target Changing Assembly and Procedure 


A schematic of the target mounted in the changing arm assembly 
is shown in Fig. 2.7. 

The target itself was epoxied with 'Cerac Hot Pressing Inc., 
Silver Epoxy' onto a copper backing plate in the back center of which was 
hard soldered a tapped brass insert. Above the insert a tapered seat was 
machined in the copper to identically match the probe termination taper. 
The backing plate was spring loaded into the glass shroud using the 
backing plate nut. The insulating pyrex shroud guarded against sputtering 
from the target edge and backing plate as well as being the means by which 
the target was attached to the target support shroud hence the changing arm 
itself. For non-metals (e.g. ZnO) the shroud did not protrude past the 
back surface of the target. The target shrouds were held in the target 
shroud supports by a spring loaded, slotted, locking arm. By simply 
rotating this arm 180° a new target could be inserted. Fig. 2.5 shows the 
relative positions of the targets during operation. 

Securing the targets to the probe was accomplished by centering 


the targets on the probe through manipulation of the target changing arms, 
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then engaging the drawbolt in the threaded insert followed by tightening 


of the drawbolt nut. 
2.3.5 System Safeguards 


The block diagram showing the electrical safeguards built into 
the system is shown in Fig. 2.8. These safeguards were necessary to allow 
unattended operation as well as for equipment safety. 

The R.F. power supply was protected against high reflected R.F. 
power levels resulting from discharge failure by relay 'a', which switched 
the R.F. power supply off when the anode current became less than half an 
amp. This generally occurred as a result of filament burn out or a 
decrease in chamber pressure. 

Relay 'b' was an over pressure relay built into the N.R.C. vacuum ) 
gauge controller and could be set to switch for chamber pressures greater 
than ten microns. This guarded against formation of a discharge between 
the probe and anode due to high pressures resulting from a sudden system 
leak or warming of the Meissner trap be de-energizing relay 'c'. 

The power to relay 'c' was controlled by two switches, first, 
the normally closed contacts of relay 'b' and second, the module coolant 
level mercury switch. The normally open contact of relay 'c' switch the 
in-line module water valve; the power to the d.c. power supply, filament 
power supply and substrate heating power supply; as well as the timer. 
Therefore, when this relay is de-energized module operation is completely 
shut down and the time of shut down recorded. 

The module coolant switch prevented the system from operating 
when a leak in module water lines occurred or when the main water supply 


was shut off. 
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Legend to Figure 2.8 
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Normally open; energized by anode current 


Normally closed; energized by over pressure 
gauge reading 


Normally open 3; energized by line voltage 


Module coolant level switch 
Diffusion pump thermal switch 
Foreline pressure switch 


Diffusion pump coolant switch 
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The vacuum system itself was also protected by: a diffusion pump 
thermal switch to insure against the diffusion pump heating section rising 
above the cracking temperature of the diffusion pump fluid; a foreline 
pressure switch set for 100 Torr; and a diffusion pump coolant switch 
which monitors the main water pressure. Activation of any one of these 


switches turns off the power to the diffusion pump. 


2.4 -Discussion 


One of the most common methods of providing the necessary high 
vacuum a system may require is to enclose the working apparatus in a bell 
jar type of structure which is subsequently evacuated. This approach 
posed many problems for a triode sputtering system in which more than one 
target was required. Since the probe must be adjacent to the plasma and 
yet opposite the substrate, only a single probe was feasible, making an 
externally operated target changing mechanism necessary. Also, in any 
deposition system, it is advantageous to position the source and substrate 
so as to reduce their contamination by sputtered material which has broken 
away from the chamber walls. This implies that the probe and substrate 
table feedthrough axis should be horizontal. Due to these considerations, 
the system employing a six arm cross was constructed. Not only was the 
suggested configuration realized but also, the magnet coils and water lines 
were kept external to the vacuum chamber. Although the system was 
acceptable there were problems which were encountered. 

One of the major problems encountered was arcing to the 
sputtering targets. In the case of metals the arcing was between the 
target shroud and target. This is believed to be due to improper 


shielding which allowed the charge accumulated on the coated shrouds to 
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45 
discharge via an arc to that area of the target in closest proximity to 
the shield. This problem became more acute as the target potential and 
total gas pressure were increased. It is suggested that a redesigned 
target shroud as shown in Fig. 2.9, would alleviate the arcing problem 
for metal targets as well as aid in counteracting the dust problem to be 
discussed below. It should be noted that the use of such a target shroud was 
impossible in the system constructed due to the physical dimensions of 
the side arms. 

Before considering the dust problem, arcing to the zinc oxide 
target should be mentioned. As indicated in Chapter III, the characteristics 
of sputtered zinc oxideare very dependent upon the deposition conditions 
used. When deposited in an oxygen deficient atmosphere the conductivity of 
the film and a portion of the target surface appeared to increase. 
Accompanying this increased conductivity was intolerable target arcing. 

The semicontinuous arcs in this case, were formed between the discharge and 
the target. The target shroud was not necessary for the formation of the 
arc but, due to the conducting film on it, served to aggravate the situation 
by offering a lower resistance discharge path to the target surface. It 

is thought that a conducting network to the target backing plate is formed 
on the target surface. This not only offers the necessary low resistance 
path but also effectively reduces the target area; both of which are 
conducive to the formation of an arc discharge. It was found that the only 
solution to this and other problems involving ZnO was to increase the 
oxygen content in the sputtering gas mix. Use of the redesigned target 
shroud would, however, still be desirable in order to control the 'fine 
particle’ contamination problem. 


The second major problem encountered was the control of fine 
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Fig. 2.9 Proposed Metal or Semiconductor Target Shroud. 
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Fig. 2.10 Top View of Proposed 
Deposition System. 
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dust-like particles of ZnO which became more prevalent with increased 
film thickness and deposition time. This problem was extremely important 
Since incorporation of these particles into the film during growth 
results in stress and pin holes which may cause the active medium to 
fracture or be shorted out, respectively. The source of these particles 
appeared to be the films on the substrate and main chamber shields as well 
as the target shroud, which had broken away. It is suggested that the 
films on these shields flake due to: (1) their intrinsic stress which will 
be considered in detail in Chapter III; (2) their thickness; (3) the 
scrubbing of the shield surfaces by the plasma, and possibly most important; 
(4) the angle of incidence of the sputtered material on the shields. The 
last two considerations are based on the observation that, the area on the 
chamber shield which breaks away first is at an angle of approximately 45° 
to the target surface normal and colinear with the plasma path through the 
Shield. This situation, it is felt, could be improved by: (1) using the 
proposed cup shaped target shroud; (2) having a larger deposition chamber 
volume and; (3) using smooth (possibly glass) substrate masks since Zn0 
films, when deposited under the proper conditions on polished surfaces, are 
of optical quality and do not fracture. It should also be noted that the 
particles adhered to the target surface as well as the substrate surface. 
Their presence on the target surface did not seem to be affected when R.F. 
probe potentials were employed. A more thorough investigation would have 
to be performed, however, to decide whether or not their adherence was 
electrostatic in nature. 

Another problem which existed with the system constructed was 
the contamination introduced into the deposition region by evaporation of 


the tungsten filaments. This is due to the direct line of sight access 
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between the filament chamber and the deposition region. This direct path 
could be eliminated by mounting the filaments at right angles to the 
deposition region access apertures and bending the electron beam 
magnetically. 

Lastly, the heating wire in the diffusion pump heating element 
used in the substrate table was encapsulated in porous alumina consequently 
Subject to prolonged outgassing. This outgassing could be considerably 
reduced by mounting the heating wire in hard, non-porous ceramic tubes 


which could then be incorporated in the substrate table. 


Proposed Deposition System 


The outline of a stainless steel system incorporating some of 
the features suggested above is shown in Fig. 2.10. Not only could the 
electromagnets be hung from the top plate but also mounted on this plate 
could be a viewing port and the vacuum gauges. The diameter of the main 
cylinder will depend upon the size of the target changing assembly. It is 
suggested, however, that it should be no less than 18 inches in diameter 
as well as in depth. 

In addition to the interconnections presently employed, it 
would be advantageous to interlock the timer with a switch which monitors 


the filament current. 


2.5 Conclusion 


It has been shown that for large area, efficient, high frequency 
transducers, a thin film of ZnO is the best choice for the active medium. 


After considering the possible methods of deposition, a triode sputtering 
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49 
system was thought to be the most experimentally oriented and versatile. 
This versatility is highlighted by the fact that, with no modification it 
may be converted to a diode sputtering system. The triode system 
constructed was described in detail. Two significant features in this 
design were the R.F.-D.C. probe and the target changing facility. Although 
adequate, the system was not without problems and an updated system design 


was presented. 
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CHAPTER III 


INFLUENCE OF DEPOSITION PARAMETERS ON FILM CHARACTERISTICS 


3.1 Introduction 


For thin films of ZnO to be efficient dilatational mode 
transducers, the 'c'-axis, (<0002> direction of the individual 
crystallites) must be aligned perpendicular to the substrate surface. 
This is referred to as perpendicular orientation. The angular 
distribution of the 'c'-axis of the crystallites about this preferred 
direction determines the 'level of perpendicular orientation’. 

The structure and composition of thin films are, in general, 
strongly dependent upon the deposition conditions. Epitaxial ZnO thin 
films have previously been produced but at low supersaturations (high 
substrate temperatures and low deposition rates) [3.1]. In a practical 
fabrication system however, one is limited to deposition at high 
supersaturations. Although this generally results in films having a low 
level of orientation, it was found that by controlling the state of the 
nucleating surface (thin film of gold) as well as the partial pressure of 
oxygen in the sputtering gas mix, a high level of orientation could still 
be obtained. 

In particular, it was observed that the degree of <111> 
perpendicular orientation in the gold film was reflected in the level of 
<0002> perpendicular orientation in the overlaying ZnO thin film. However, 


concomitant with this increased level of orientation was an increase in 
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the level of mechanical stress. This problem was eventually traced to 
an oxygen deficiency in the sputtering gas mix. 

The following two sections deal with the x-ray technique used 
to evaluate the crystal structure of the films and; the method employed 
to measure the film thickness hence deposition rate. In Section 3.4 
the factors influencing the level of orientation in ZnO thin films are 
discussed. The manner in which the stress manifests itself is presented 
in Section 3.5 arid in Section 3.6 the results of the non-structural 


analysis are given. The chapter is followed by a discussion and conclusion. 
3.2 X-Ray Analysis 


A modified Debye-Scherrer powder x-ray diffraction technique was 
the primary diagnostic tool used to investigate the crystalline structure 
of the thin films. 


X-ray diffraction is based upon Bragg's law, namely 
2d, sin On = MA, (3.1) 


where diy = the interplanar spacing between planes 
having the Miller indices h,k,1, 

2) = the Bragg angle between the incident beam 
and the diffracting plane in the crystal 


and r = the x-ray wavelength. 


This equation may be expressed diagrammatically in terms of 
the reciprocal-lattice vectors. This construction, due to Ewald, 


is shown in Fig. 3.1 
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Ewald sphere va 





Fig. 3.1 Graphical Interpretation of the Bragg Law in 
Terms of Reciprocal Lattice Vectors 


> Sage eee. ee , : ; 
where oak] > aera = reciprocal-lattice vector (3.2) 
and n = the unit vector normal to the diffracting 


plane of the crystal. 


From this construction it can be seen that a diffracted beam is possible 
only when a reciprocal-lattice vector lies on the Ewald sphere of 
reflection. The reciprocal lattice is derived from the real lattice 
using equation (3.2). 

Thin films are polycrystalline so that many crystals will be 
irradiated by the incident x-ray beam and also, these crystals will be 
in general, randomly oriented with respect to each other. Therefore, the 
reciprocal-lattice vectors representing any one particular plane will be 
randomly directed but all of the same length. The reciprocal-lattice 
space may therefore be represented as a collection of concentric spheres 
whose radii are the various possible reciprocal-lattice vectors. Since 
the intersections of two spheres (Ewald sphere of reflection and the 


reciprocal lattice sphere) is a circle, for each reciprocal lattice 
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vector a cone of diffracted x-rays passing through this circle emanates 
from the specimen. Analysis of the diffracted radiation as captured on 
film provides information on the interplanar spacings in the material as 
well as any preferred orientation, denoted as texture, which may be 
present in the specimen. 

Texture occurs when a particular plane or planes (represented by 
their normals) in the individual crystallites tend to be aligned about 
a preferred direction. For thin films, this situation is very often 
encountered and is highly dependent upon the thin film deposition 
conditions. Due to this preferential alignment, the angular distribution 
of the crystal planes is no longer completely random. That is, the 
reciprocal-lattice vectors no longer lie on a closed spherical surface 
but on an open portion thereof, which is centered about the preferred 
direction. The diagrammatical representation for this situation is shown 
in Fig. 3.2 for the case of Zn0. 

Essentially the x-ray photograph is a projection of the spherical 
section of the intersection between the Ewald sphere of reflection and 
the reciprocal-lattice spheres. When this intersection is as shown we 
have perpendicular orientation. This is because the reciprocal-lattice 
vectors for the Zn0 (0002) plane are distributed about the normal to the 
plane of the thin film. Should they be distributed parallel to the 
plane of the film, the orientation will be termed parallel and no 
reflection from the ZnO (0002) plane will be observed. The perpendicular 
orientation, necessary for thickness mode dilatational transducers, is 
of course, desired. 

The surface of the specimen has been tilted 15° with respect to 


the incident x-ray beam so the reflection from the (0002) plane would be 
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Ewald Sphere Of 
Reflection 
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Reciprocal-Lattik 
Spheres 





Intensified Regions 
Of Powder Ring- 
Indicative Of Texture 


Film 


Fig.3.2 Graphical Explanation of X-Ray Distribution from 
Textured Specimen - Modified Debye-Scherrer Powder 
X-Ray Diffraction Technique, 
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recorded. The x-ray wavelength used was 1.54 A obtained from nickel 
filtered radiation from a copper x-ray target. The specimen to film 
distance , does was usually 5 cm. The approach for films other than 


ZnO was similar. 


3.3 Thickness Determination 


Thickness is, in general, the single most significant film 
parameter [3.2]. It may be measured either by in-situ monitoring of the 
deposition rate or after the film is removed from the deposition chamber. 
The latter method was employed due to the deposition parameter control 
inherent in the triode sputtering process. The various materials were 
deposited under controlled deposition conditions, then the films were 
removed from the chamber and their thickness determined by the stylus 
method. A Taylor-Hobson Tallysurf 4 having a vertical resolution of 
~ 125 A and a horizontal resolution of 1072 inches, was used. 

The stylus in this case, consisted of a diamond with a rounded 
(R = 1.25u) tip fastened to a lever arm which was delicately balanced 
so that the load on the tip was only .1 gram. A differential inductance 
transducer transforms. vertical variations of the stylus arm, as it is 
dragged across a surface, into an electrical signal which is subsequently 


° to 10° and fed into a recorder. An example of the 


amplified by 10 
recorder output for a chromium thin film sputtered on a pyrex substrate 


is shown in Fig. 3.3. 
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Fig. 3.3 Tallysurf 4 Recorder Output Trace of Edge of 
Chromium Thin Film Sputtered on Glass Disc: 


Vertical div. = 508 A; Horizontal div. = 1072 in. 


The advantages of this method are: (1) it is applicable to 
all films, that is, metallic, semi-conducting or dielectric; (2) the 
maximum thickness which may be recorded is essentially unlimited; 

(3) the film need not be deposited on a special substrate (provided it 
is reasonably flat and parallel) or undergo any post deposition 
treatment thereby permitting it to be used as originally intended (e.g. 
as a transducer); (4) it provides not only the height of the step but 
also the step profile and lastly; (5) absolute measurements can be made 
rapidly. 

When doing a deposition rate calibration run, the percent error 
due to the relatively low resolution (compared to interferometric methods ) 
can be considerably reduced by increasing the thickness of the film. In 
this manner the percent error was reduced to less than 1%. For the 
transducer equivalent circuit analysis to be presented in Chapter IV, the 


film thickness accuracy required is ~ 5%. This was the approximate 
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repeatability of the deposition process as measured for 7u thick ZnO 
thin films. Therefore, the accuracy of the Tallysurf 4 was more than 
suitable for this investigation. There was, however, one problem with 
this particular model of Tallysurf; the force on the stylus was enough 
to create a visible (under a microscope) trench in the soft gold films. 
In this case the gold thin films had to be overcoated with a chromium 
film before being measured. In models of the Tallysurf specifically 
designed for thin film thickness analysis, this problem is largely 


overcome [3.2]. 


3.4 Factors Affecting the Level of Orientation in Zn0 


The effect on the thin film crystal structure of various 
deposition parameters were determined by. the x-ray procedure discussed in 
Section 3.2. The values of oxygen partial pressures quoted in this section 
should not be taken as absolute for reasons already discussed. In general, 
results involving the use of high vacuum systems are very difficult to 
duplicate exactly in different (environmentally as well as physically) 
systems. Values specified should, therefore, be thought of as indicative 


of trends rather than absolute. 


3.4.1 Sputtering Potential 


In Fig. 3.4 the effect of the sputtering potential on the 
orientation is demonstrated. In Fig. 3.4a and b the probe conditions were 
800 volts and 1500 volts, respectively, at 34 milliamps, using a 10K 


ballast resistor. The potential specified, in all cases, includes the 
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Fig. 3.4a -800v, 34ma, 10k; 25 A/min. 


a 
(0002) 
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Fig.3.4b - 1500v, 34ma, 10k; 50 A/min. 


Fig. 3.4 X-Ray Diffraction Photographs of ZnO Triode 
Sputtered on Single Crystal Germanium. 


(1011) 





Fig. 3.5 X-Ray Diffraction Photograph of 
ZnO Triode Sputtered on Single 
Crystal Germanium - 200 A/min 
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voltage drop across the ballast resistors. The conmon Zn0 deposition 


conditions were: 


Substrate - unoriented single crystal germanium 


p - 15% 
0, 


Pr (total measured pressure) - v 1.5u 
Deposition Rate - < 50A/min 


Substrate Table Temperature - 75°C to 125°C. 


The film in Fig. 3.4a exhibits no perpendicular orientation 
whereas that in Fig. 3.4b does show a low level of <0002> perpendicular 
orientation. Both films were mechanically stable. 

These results suggest that the level of <0002> perpendicular 
orientation improves with increased target potential. Since the highest 
possible level of <0002> perpendicular orientation in a mechanically 


stable film is required, a high accelerating potential was used. 
3.4.2 Deposition Rate 


In Fig. 3.5 the effect of increasing the deposition rate on the 
orientation is shown. Here a deposition rate of approximately 200A per 
minute was used. This is to be compared with that used for the film in 


Fig. 3.4b. The remaining ZnO deposition parameters were: 


Substrate - unoriented single crystal germanium 
P - 45% 

of 

P. - 64 
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Substrate Table Temperature - 75°C to 125°C 
Target - 1.6Kv, 43 ma, 10K. 


The x-ray photograph again indicates a lack of perpendicular 
orientation. The film was mechanically stable. 

As is generally accepted, increasing the deposition rate 
(raising the supersaturation) has a randomizing effect on the crystalline 
order ina thin film. This effect is observed to be substantial since 
a high target potential was employed as well as a high partial pressure 
of oxygen, both of which are conducive to creating a higher level of 
perpendicular orientation. The significance of the latter condition will 
become apparent in the following section. 

From a practical fabrication point of view, a deposition rate as 


high as possible is advantageous. 


3.4.3 Partial Pressure of Oxygen in Sputtering Gas Mix - oe 

The partial pressure of oxygen used in the sputtering gas mix 
was very important in this investigation since it not only affects the 
film structure but also the level of stress in the ZnO films. These two 
film characteristics are, of course, expected to be interrelated. 

In Fig. 3.6a, b and c, the partial pressures of oxygen in the 
sputtering gas mix were 0%, 30% and 60%, respectively. The common ZnO 


deposition conditions were: 


Substrate - pyrex discs 


Pr - 64 
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Fig. 3.6b - P, = 30% 


i CR) 
(loll) a 


(1010) 





Fig. 3.6c - Py = 60% 
2 
Fig. 3.6 X-Ray Diffraction Photographs of 


ZnO Triode Sputtered on Pyrex 
- 1.65kv, 44ma, 10k; 300 A/min. 
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Deposition Rate - 300A/min 
Substrate Table Temperature - 75°C to 150°C 
Target - 1.65 kv, 44ma, 10K. 


It can be seen that an increased 0, induces a higher level of 
perpendicular orientation for ZnO on amorphous pyrex. It must be noted 
here that the film responsible for Fig. 3.6b failed mechanically but the 
films in Fig. 3.6a and c had sub-failure stress levels. Thus, not only 
does increasing PO, improve the film orientation but it also serves to 
relieve stress. In the case represented in Fig. 3.6b, the induced level 
of orientation was higher than a Po = 30% could stress relieve. 

This Po stress relief effect may be stated as follows: depending 
upon the orientation induced, the mechanical stress can be reduced to a 
sub-failure level by appropriately adjusting si This will be made more 
obvious in the section dealing with the effect of the nucleating surface 
on the orientation in a thin film. 

Scanning electron microscope (S.E.M) photographs of the films 
from which Fig. 3.6a and c were derived are shown in Fig. 3.7a and b. 

The angle between the substrate surface normal and the incident electron 
beam was 18° for these photographs. The surface in Fig. 3.7a (Fo, = 0%) 
appears to be composed of small crystallites randomly oriented while that 
in Fig. 3.7b Fo, = 60%) appears to be made up of better oriented, larger 
crystallites. Due to the specimen shape, focusing with magnifications 
greater than 20,000 was difficult. Sharply focused photographs at higher 
magnification of the surface itself or a replica thereof would be 
necessary for a precise grain size determination. Here we see that the 
oxygen content affects not only the orientation in ZnO thin films on 


pyrex but also the grain size. 
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Fig. 3.7a S.E.M. Photograph of the Fig. 3.7b S.E.M. Photograph of 
Thin Film Represented in Fig. 3.6a. the Thin Film Represented in Fig. 
J1OGs 





Fig. 3.8 Photograph of a Large Fig. 3.9 Photograph of a Fractured 
Fractured Area in a ZnO Thin Film. Area in which the Expelled Material 
(500x) has been Re-Incorporated into the 


Film. (50x) 
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3.4.4 Nucleating Surface 


Before considering the effect a gold nucleating surface has on 
ZnO ‘thin films it should be observed from the previous figures that 
neither single crystal germanium (orientation relative to the film 
unknown) nor pyrex surfaces had a dominating effect on the orientation 
observed in the overlaying films.Zn0 was also deposited on evaporated 
and sputtered thin film chromium surfaces with similar results. In all 
of these cases, the system deposition parameters had a greater effect on 
the level of orientation than the substrate surfaces. In any case, 
depending upon the deposition conditions, the best <0002> orientation 
achieved on poor nucleating surfaces could only be described as low level. 
The diffraction patterns obtained for three Cr-Au-Zn0 
combinations are given in Fig. 3.10. In all instances, the ZnO target 
conditions were 1600 volts at 44 milliamps using a 10K ballast resistor, 
and the substrate table temperature rose from 75°C to 150°C during 
deposition. The remaining deposition parameters were: 
Fig. 3.10a Cr evaporated at 400 A/min 
Au evaporated at 6000 A/min 
ZnO sputtered at 300 A/min 
Po, = 20% 
Fig. 3.10b Cr evaporated at 400 A/min 
Au evaporated at 300 A/min 
ZnO sputtered at 300 A/min 
P = 45% 
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Fig. 3.10a Gold-Flash Evaporated, 
Not Annealed 
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Fig. 3.10b Gold-Slowly Evaporated, 
Vacuum Annealed 
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Fig. 3.10c Gold-Triode Sputtered, 
Vacuum Annealed 
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Fig. 3.10c Cr sputtered at 125 A/min 
Au sputtered at 250 A/min 
ZnO sputtered at 300 A/min 
P, = 60% 


Fig. 3.10a shows the orientation of a ZnO film deposited onto a 
rapidly evaporated, unannealled thin film gold surface. This corresponds 
to the usually reported case in which a 80% - 20% (or less), Ar-0, mix 
is sufficient for mechanical stability [3.3, 3.4, 3.5, 3.6]. In Fig. 
3.10b the gold was evaporated at a much slower rate and annealled. 
Corresponding to this case a 55% - 45%, Ar-0, mix was found necessary to 
prevent mechanical failure. In the "All" sputtered combination, shown 
in Fig. 3.10c, a 40% - 60%, Ar-0., mix was necessary. Note that the 
sputtered nucleating gold film exhibited the highest <111> perpendicular 
orientation, whereas the flash evaporated gold showed the least. Directly 
correlating with this orientation of the gold surface is the <0002> 
perpendicular orientation of the subsequent ZnO film. It is clearly 
evident that the orientation of the gold nucleating surface has a stronger 
influence on the subsequently deposited ZnO thin films than do the system 
deposition parameters themselves. 

These results may be summarized as follows: as the level of 
orientation induced by the nucleating surface becomes higher, the mechanical 
stress increases proportionately in an oxygen deficient atmosphere. As 
previously stated, this mechanical stress, however, could be reduced to a 
sub-failure level by appropriately adjusting it 

Note that just as the crystalline structure of ZnO is affected by 


the deposition conditions so is that of gold thin films. In particular, 
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the structure in gold thin films depends, as do all evaporated or 
sputtered films, on the supersaturation during deposition. Sputtering, 
effectively a means of producing a low supersaturation, therefore 
produced the higher level of <111> perpendicular orientation in the gold 


thin films. 
3.5 Stress Manifestation 


By visually observing ZnO thin films during stress failure it was 
found that the failure generally started at the mask edge and proceeded 
radially inward, taking about one minute to completely cover the surface. 
The larger surfaces generally failed first. 

In an attempt to reduce the stress discontinuity at the mask 
edges, the masks were countersunk on the substrate side. Due to randomizing 
intermolecular collissions, resputtering and subsequent lateral spread 
of deposited material, a gradual increase in thickness resulted in the 
area under the countersink. This appeared to reduce the stress 
discontinuity since films, deposited with insufficient Gg took much longer 
to fail. In these cases failure occurred at thicknesses of less than one 
micron. 

Although an accurate measurement of these stresses were not 
obtained it can be stated that the bulk substrate surfaces, namely pyrex 
and germanium were visibly damaged only under the unmasked areas on which 
the ZnO films were deposited. This effect was, of course, only observed 
when the inter-film adherence and the film-substrate adherence were 


stronger than the interatomic forces in the bulk substrate. Such a 
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situation existed for the gold nucleating thin films only when a 
chromium thin film was deposited, without breaking the vacuum, between 
the gold film and the bulk substrate. It is primarily for this reason 
that the target changer was built into the deposition system. 

Microscope photographs of the fractured thin films revealed 
that the mode of failure was one in which areas from ten to one hundred 
microns in linear dimension would literally pop out of the thin film. 
Even in mechanically satisfactory films, a small number of widely 
separated areas in which the stress was above the failure level would 
occur. One such fractured area is shown in Fig. 3.8. 

Aside from the intrinsic stress in the thin film, stress due to 
incorporation of debris from either an area already fractured or the 
deposition chamber, will contribute to these failures. Examples of such 
incorporation are shown in Fig. 3.9 and Fig. 3.11, respectively. The 
fact that these incorporations result in localized stress areas may be 
seen in Fig. 3.1]1b. The object in this figure was exactly the same as 
that in Fig. 3.1la, but polarized light was used to illuminate the 
specimen and the reflected light from the specimen was passed through a 
perpendicularly polarized analyser. As shown, the area around the 
inclusion has become optically active. This appears to be due to stress 
and not due to the 'c'-axis of ZnO being tilted, although this may 
be true in this region. The following explanation is suggested. In the 
dark regions of the photograph, the thin films with the ‘c'-axis 
perpendicular to the substrate, do not exhibit optical activity. Therefore, 
ZnO thin films are not normally optically active and will not become active 
due simply to 'c'-axis rotation. A concise statement of this phenomenon 


is given by Nye, "the essential fact about optical activity in isotropic 
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Fig. 3.1la Analyser not Crossed Fig. 3.11b Analyser Crossed 


Fig. 3.11 Photographof ZnO Film Surface in which Chamber Debris has been 
Incorporated into the Film. (500x) 





Fig. 3.12a Analyser not Crossed Fig. 3.12b Analyser Crossed 


Fig. 3.12 Photograph of ZnO Film Surface Showing Typical Size and 
Density of Inclusions. (50x) 
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70 
media, in cubic crystals, and for transmission along the optic axes of 
uniaxial and biaxial crystals, is this: the nature of the medium is such 
that two circularly polarized waves of opposite hand and different 
velocity may be transmitted through it unchanged in form, that is, in 
their state of polarization, while a plane polarized wave may not be so 
transmitted" [3.7]. 

The magnification used for photographs in Fig. 3.11 was 
approximately 500. The central inclusion in this photograph was above 
average in size. More typical of the size and density are the inclusions 
evident in Fig. 3.12 in which a magnification of approximately 50 was 
used. Again, the objects in both photographs are identical and polarized 


light was employed. 
3.6 Non-Structural Analysis 


In an effort to gain some insight into the chemical composition 


of the ZnO thin films several experiments were performed. 
3.6.1 Electron Probe 


A beam of high energy electrons is used to excite the character- 
istic x-ray spectra of elements present in the sample. To a first 
approximation, the intensity of any given x-ray line of a particular 
element is proportional to the weight concentration of the element in 


the sample. Thus 


I 
f ~ SP Cam (2 
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where Cop = weight concentration of an element in the 
specimen, 
Coy = the known weight concentration of the same 
element in the standard, 
Isp = measured intensity of an x-ray line of the 
element in the specimen, 
and ror = measured intensity of the same x-ray line of 


the element in the standard. 


The samples which were investigated by x-ray diffraction (Fig. 
3.6a and c) were also probed for their zinc content. Before considering 
the probe results the visible characteristics of the target surface and 
the films under the respective 0, deposition conditions must be stated. 
When si = 0%, the zinc oxide target surface became very slightly gray 
and the film was transparent and pale yellow in color. The film 
deposited with 0, = 60% was not as transparent and a definite brownish 
yellow in color while the target surface was white. These observations 
are symptomatic of stoichiometric variations and, therefore, one would 
have expected a difference in the composition of the films. 

The samples were analyzed by the microprobe for the weight 
concentration of zinc in the films. In both cases, there were two 
standards of known chemical composition used; namely, pure metallic zinc 
and sphalerite, ZnS. The results were repeatable and thought to be 
accurate to within 1%. In both films, the zinc content was the same, 
77% weight concentration which is 3% less than the theoretical value of 


80%. Probe analysis was not carried out to determine what percentage of 


the remaining 23% was due to comtaminants, however resistivity, visible 
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and infrared spectrophotometer investigations on different samples were 


carried out to further characterize the films. 


3.6.2 Resistivity 


The resistivity of a ZnO thin film deposited on glass with 


Po = 50% was determined from the standard equation, 


2 
SESS (3.4) 
Q 
where r = resistivity, 
A = cross-sectional area, 
2 = electrode separation 
and R = measured resistance. 


The film was one micron thick, .5 cm wide and 2 cm long with gold electrodes 
evaporated on both ends. A resistivity > 10° Q-cm was obtained. 
Unfortunately a resistivity measurement of a film deposited with °0, = 0% 
was not determined, however, it is expected that the resistivity would be 
considerably less. This is based on the target discoloration and severe 
arcing observed when depositing ZnO thin films in a pure argon atmosphere. 
Resistivity of ZnO thin films has been considered by Raimondi and 
Kay [3.8]. They state, "Zinc Oxide (ZnO) is a meterial which, under 
ordinary circumstances, has a small oxygen deficiency. This lack of 
chemical stoichiometry makes ZnO an n-type semiconductor with a typical 
resistivity of 1-100 2-cm". They also state that by sputtering in an 
oxygen rich environment resistivities as high as 108 Q-cm may be obtained. 


Our results are consistent with these statements. 
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3.6.3 Band Gap 


Presented in Fig. 3.13 are the visible spectrophotometer scans 
performed on ea deposited on glass with Zh = 45% and 60%. The 
cut-off at 3900 A corresponds to a band gap energy of 3.185 ev, 
consistent with the accepted bulk value of 3.2 ev [3.9]. The very 


Slight absorption edge variation with Po was repeatable. 
3.6.4 Optical Properties in the Infrared 


The index of refraction and the effect of ZnO lattice absorption 
bands in the 2.5 to 40 micron infrared range were also considered. I.R. 
spectrophotometer scans for (a) an uncoated germanium disc and (b) the 
disc coated on both surfaces with equal thickness ZnO thin films (Po, = 50%) 
are presented in Fig. 3.14. Also included in this figure are the I.R. 
absorption data for (c) single crystal ZnO and WO. (dc) 310, Sell ee: 


From thickness measurements of the film and the location of the A/2 and 
4/4 transmission extrema the index of refraction was found to be 2.09 


+ 0.1. Examination of curve (b) indicates that the films are definitely 
absorbing around 2.9 microns (3400 cm7!), This absorption may be due to 
scattering or slight contamination from the tungsten filaments. The 
latter conjecture appears to be supported by curve (d). Abrupt changes 
in the film transmittance are observed at 11.5 microns (850 cm™!) and 15 
microns (650 cm7!), From curve (c) these changes may be attributed to 
the strong seccnd order (two photon) lattice absorption peak in bulk 

Zn0 at 11.4 microns and the main (Reststrahlen) lattice absorption 
(generation of a transverse optical phonon) band centered at 24.2 microns 
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Fig. 3.13 Visible Spectrophotometer Scan of ZnO Film Deposited on Pyrex, 
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3.7 Discussion 


In a review paper on fiber texture Bauer states that materials 
crystallizing in a hexagonal structure have a strong tendency to exhibit 
perpendicular <0001> orientation at normal vapor beam incidence. 

However, he also points out that the orientational behavior of reactive 
materials in active residual gases is difficult to predict [3.14]. In 
view of these statements and the above experimental results the following 
explanation is suggested for the orientational dependence of ZnO thin 
films on gold nucleating surfaces and the oxygen content in the 
sputtering gas mix. 

The strong influence of the gold nucleating under-lay on Zn0 
may be accounted for by three coincidences; first, for gold (a, = 4,078 A, 
f.c.c.) the spacing between atoms in the (111) plane is 2.88 A which is 
within 15% of the 1a lattice constant of ZnO, namely 3.25 A; second, 
spacing of gold is 2.355 A while the d 


the d spacing of Zn0 is 


111 0002 
2.6 A, again less than a 15% difference and; third, both the <111> 
direction in a face-centered cubic lattice and the <0001> direction in a 
hexagonal lattice are three-fold symmetry axes. It has been suggested 
that the last coincidence is primarily responsible for the influence a 
nucleating surface may have on an overlaying thin film [3.15]. 

Whenever compounds are sputtered there will be some non-molecular 
deposition. Consequently when sputtering ZnO onto amorphous glass with no 
oxygen added to the sputtering gas mix, one would expect some loss of 
oxygen to the gas phase and subsequent depostion of excess atomic zinc at 


the substrate surface. This zinc may remain uncombined or be forced to 


react with residual gas atoms. These non-oxide zinc compounds would 
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crystallize in different habits and this have a randomizing influence on 
the necessarily smaller ZnO crystals. As the oxygen content is increased, 
the anticipated <0001> fiber texture begins to develop and the grain 
size increases, however, the film becomes mechanically unstable. It is 
recognized that the stress developed in a thin film is influenced by 
many factors, including stoichiometry and texture [3.16]. Upon further 
increasing the oxygen content to approximately 60% the film again becomes 
mechanically stable and exhibits a definite <0001> perpendicular 
orientation. This percentage of oxygen required to achieve films with 
compatible orientation and stability is very much higher than expected 
from purely stoichiometric considerations. This implies a second oxygen 
dependent texture mechanism; possibly the need for ‘energetic’ oxygen 
atoms at the substrate surface. Oxygen being electronegative, ionizes 
negatively and will be accelerated away from the target toward the 
substrate. Not only will this provide energetic oxygen ions at the 
substrate but this will also result in substrate surface charge effects, 
which are known to affect thin film growth mechanisms [3.17]. The results 
of Fig. 3.10aseem to support this hypothesis since, for a similar level of 
orientation as that depicted in Fig. 3.6c substantially less oxygen was 
required. In the former case, the necessary nucleation was provided by 
the gold thin film. 

The electron probe results, were believed to be accurate to within 
1% for the assumed composition namely a film composed of zinc and oxygen. 
However, in the case of Po, = 0% the concentration of argon in the film 
may have been significant. This being the case, the weight concentration 
of zinc computed would be somewhat altered. In any case, the weight 


concentration of zinc in the films deposited with Po = 0% and Po = 60% 
2 2 
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was not substantially different. 

The physical constants determined, band gap energy and infrared 
refractive index, were within 5% of the values previously reported. An 
indication of the wavelength location, but not magnitude, of the major 
infrared lattice absorption peaks of ZnO were observed from infrared 


spectrophotmetric scans of ZnO, A.R. films on germanium. 
3.8 Conclusion 


The ZnO thin films have been analysed for structure and for 
composition. 

The results show that repeatable, highly oriented, stable Zn0 
thin films may be consistently produced by deposition at high super- 
saturations onto a highly oriented gold thin film nucleating surface 
with a high partial pressure of oxygen in the sputtering gas mix. 

Because ZnO is a semiconductor small changes in stoichiometry 
have a considerable influence on the film. Most drastically affected 
are the film structure, level of stress, appearance and resistivity. 
Measurement of the latter would probably offer the most sensitive 
method of assessing the relative oxygen contents in a collection of 
ZnO thin films. 

The principle objective of this work was to fabricate high 
quality thin film transducers for acoustic and acousto-optic studies. As 
a result the purely thin film investigation was not complete. A more 
thorough investigation would include: determining the effect of changes 
in total pressure (keeping Pon/Pa fixed) on film structure and 


stress level; investigating many more substrate surfaces for their 
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influence on ZnO thin films, in particular to more clearly characterize 
what will constitute a favorable nucleating surface and; microprobing 


the films for elements other than zinc, in particular, argon. 
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CHAPTER IV 
TRANSDUCER FABRICATION AND EVALUATION 
4.1 Introduction 


For infrared radiation in the 5 - 20u range there are at 
present, essentially only two materials suitable for acousto-optic 
modulation [4.1]. Tellurium has the highest figure of merit (¥ = 2920), 
however, besides being difficult to obtain in large pieces of good 
optical quality it has an optical absorption coefficient of 0.3 cm! 
at 10.6u, which makes it unsatisfactory for intracavity modulation or 
high power laser deflection at this wavelength. Germanium, possesses a 
y = 540 but has an optical absorption coefficient which may be reduced 
Eo. ath! cm”! at 10.6u by appropriate cooling. Also, it is readily 
available in large, single crystals of good optical quality. Consequently, 
in this chapter the acousto-electric performance of ZnO thin film trans- 
ducers deposited onto the <111> face of a 1 inch germanium cube will be 
discussed. 

In the next section a detailed description of the transducer 
fabrication process is given. A mathematical model of the transducer and 
delay medium is outlined in Section 4.3. Based on this theory, an APL 
computer program (Appendix I) was written to compute a set of insertion 
loss versus frequency curves for different values of Ky. In Section 
4.4 the technique for measuring the insertion loss is presented. As 


expected, the echo patterns obtained indicated that the acoustic losses 
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due to diffraction from the transducer and intrinsic attenuation in 
germanium were significant. These losses were considered in Section 4.5. 
A formula is given to estimate the diffraction losses and also, the 
measured intrinsic acoustic attenuation for the germanium crystal is 
presented. In Section 4.6 the value of Ky = .25 for a ZnO thin film 
transducer is obtained by comparing the corrected experimental data with 


the computed values. The chapter is followed by a conclusion. 
4.2 Transducer Fabrication Recipe 


The specific deposition parameters for the 'All' sputtered 
transducers are listed in Table 4.1. 

Prior to introducing the sputtering gas the filaments were 
outgassed for fifteen minutes. To insure that the diffusion pump 
pressure did not rise above 5x107" Torr and to conserve the ultra-pure 
gases, the high vacuum valve was mechanically throttled. The gas flow 
was then initiated. The chamber pressure was kept at 5x07" Torr of 
Argon when sputtering the metal targets and 6u of Ar and 0. in a 40% - 
60% ratio when sputtering ZnO. In this case, after turning on the 
filaments, an immediate reduction in the total pressure of ~ lu would 
occur. The pressure would then relax exponentially,back to a value 
~ .3u less than the initial total pressure. Only the oxygen content was 
found to vary and therefore the system was subsequently 'topped-up' with 
additional oxygen. 

The targets were presputtered and the substrate surfaces plasma 
cleaned for 30 minutes prior to deposition. The plasma cleaning was 


accomplished by grounding the substrate table and fully inserting it 
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TABLE 4.1 


Sputtering Parameters 


Anode current- 
amps 


Target Current 
Dens ity-ma/cm? 


Target Voltage- 
volts 


Target to Sub- 
strate Distance 
-cm 


Axial Magnetic 
Field-gauss 


Chamber Pressure 
-Torr 


Deposition Rate 
-A/min 


Sputtering Gas 


Sputtering Gas 
Mix-% 
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into the plasma. For this process the axial magnetic field was removed 
so that the plasma was no longer confined and consequently enveloped the 
Substrate. 

The commercial targets, Cr and Au from 'Materials Research Corp' 
and the ZnO target from ‘Sloan Materials Division’, were two inches in 
diameter. Their voltage and current could be coarsely adjusted by 
positioning the probe relative to the plasma as well as varying the anode 
current. It was found that only the latter was necessary when the 
target was positioned at the edge of the plasma. Fine control was 
subsequently achieved by varying the magnetic field. 

Although it was advantageous to deposit the Cr, Au and Zn0 
films without breaking the vacuum, this was not feasible for the thick 
ZnO films required. The vacuum was broken after the germanium substrate 
surface was metallized, and a clean main liner inserted. This procedure 
was made necessary because the ZnO on the metallized liner surfaces 
became oriented and consequently stressed. When these films fractured 
the chamber debris became utterly intolerable. Not only did the flaking 
occur much sooner but also it was much more extensive. As explained in 
Chapter II, even with a clean liner, the ZnO coating on it would eventually 
break away creating a dust problem. 

In order to fabricate a transducer resonant at 400 MHz a film 
~ 6.5u thick was required. Even at the high deposition rates employed here, 
215 min. of deposition was needed. Since the filament lifetime in the 
oxygen rich atmosphere was only 150 min, the deposition process was 
interrupted after ~ 100 min. of deposition and the alternate filament 
activated. It should be noted here that unlike the findings of Winslow 
et al., the formation of an inactive layer,due to the interruption in the 


deposition, was not observed [4.2]. 
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No special substrate temperature control was found necessary 
during deposition of the ZnO films. Due to plasma heating, however, the 
temperature of the support table rose from 75°C to 150°C during the 
deposition period. The support table was electrically floating during 
deposition. This was not absolutely necessary, however, it served to 
prevent the discharge from arcing to the substrate when the filament 
current was not sufficient to supply enough electrons to support the 
discharge. The germanium substrate was cleaned simply by washing in a 
soap and water solution, rinsing in distilled water and drying in clean 
No gas. 

A 2000 A layer of ZnS was evaporated on the sputtered Cr-Au-Zn0 
combination to insure against the active medium being shorted out during 
the deposition of the large area top electrode. Other than mass loading, 
this caused little deterioration in the overall transducer performance 


due to the acoustical (Zo = 22.5x10° 


kgm/sec m<) and electrical (Kons = 8,35) 
similarity with ZnO (Zo = 36.4x10° kgm/sec m<, K = 8.5). In order to 
eliminate the possibility of an air gap, a 1000 A aluminum top electrode 

was evaporated on the ZnS layer to complete the transducer. An aluminum 
rather than a gold electrode was selected primarily because of its 


superior adherence, but also to reduce the mass loading on the transducer 


Reale 
4.3 Mathematical Model of Complete Electro-Acoustic System 
The physical structure to be modelled is shown in Fig. 4.1. 


Each layer may be represented by a matrix thereby permitting the complete 


structure to be analysed by a simple matrix multiplication technique. 
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The equivalent circuit shown in Fig. 4.2 can be used to 


characterize the active medium provided: 


propagation; 


thickness and; 


(2) the lateral dimensions are much larger than the 


(3) the active layer is loss free [4.4, 4.5]. The 


piezoelectric layer is characterized by its density Pas dilatational 


acoustic velocity VS thickness d., the dielectric impermeability at 


constant strain 633° elastic constant oe and thickness coupling 


coefficient ky. The relations 


and > 


Zo 








03 vs 5 4 (4.1) 
wd 
= , (4.2) 
"3 
eae (4.3) 
Bod 
33°3 
oD 
(33/2 (4.4) 
ae 
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2 
G Oo 20K: 1172 
ees} lity 2130 03 te 
Coh =m | ~ | > (4.5) 


transducer area, 

piezoelectric tensor component expressed in 
matrix notation, 

elastic stiffness tensor component measured 
under a constant electric displacement, 
expressed in matrix notation, 
characteristic acoustic impedance of layer 


number 3, the ZnO thin film, 


(1) there is only one mode of 
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Fig. 4.1 Layered Structure to be Modelled. 


5293 tan 3 


Fig. 4.2 Equivalent Circuit of Active Layer. 


j-°n tan Xn 





Fig. 4.3 Equivalent Circuit of Inactive Layer. 
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CO = clamped capacitance, 
vate phase constant, 
¢ = electro-mechanical transformer turns ratio, 
eee ane 
and f = frequency ; 


define the values appearing in the equivalent circuit of Fig. 4.2. 

The equivalent circuit shown in Fig. 4.3 can be used to 
characterize an inactive layer provided it is not lossy, does not convert 
one mode of propagation into another and has lateral dimensions comprising 
many acoustic wavelengths. It can be seen that this circuit is essentially 
the same as that shown in Fig. 4.2 with ¢ = 0. The inactive layer, 
therefore, acts as a lossless transmission line section. Similar 
expressions as (4.1), (4.2) and (4.4) apply to this equivalent circuit 
where the material values for the respective layer are substituted. The 
matrix relating the mechanical force F and particle velocity u. at the 


input port, to that (Fu) at the output port for this circuit is: 


cosy, jZo,, siny 
a = 
a j sity, (4.6) 
sg cosy 
Zo, n 
where Fe tn 
- wa 
Mh (4.7) 
U. u 
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In order to express the input voltage and current to the 
transducer in terms of the force and particle velocity delivered to the 
delay medium we must determine the acoustic impedance of the backing 
layers, Fi /u, » seen by the top surface of the transducer. This is done 


by matrix multiplication as follows: 


FY Far 
ee: 
= M, M 
O, Usir 
‘sf Bet Fate 
™ (4.8) 
bie a wDe Wir 
F. 
where Ta uth 
air 
a ” a 
My = Mans 
a wee ga 
and M = Myo : 
F B 
therefore Zh = pra = = 
Oy b 
= iz, 


ae Z0,CoSySiny4 + ZoSinyocosy, (4.9) 
J ZO ; 
COSY 5COSy , rs — sinys siny, 
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The equivalent circuit for the transducer and delay medium is 
now as shown in Fig. 4.4. The effect of the backing layers is represented 
by introducing 54 and the series capacitance due to the ZnS layer is 
accounted for by introducing Ca By the appropriate matrix multiplication 
similar to that used to determine Zh. the intermediate layers are taken 
into consideration. The delay medium is represented by Z04. From this 
equivalent circuit the relationship between the electrical input and 


mechanical output is given by 





V F 
= M (4.10) 
I u 
where M = Mo mo? ye we = ALD (4.11) 
9 My OM, Ms a) pee 
cl op 
; 1 
Me = MS = jse | (4.12a) 
0 1 
K ES 
Coe eras = rae é (4.12b) 


1 
C=a ig 
Ms = Man0 6 - 3 {uC, 0 
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1d es : 
_ Cosy,(cosy.-1) - z sin y, + z siny 
cus 
; 2 
ae Z0,Z, (1-cosy3) + Zo.,siny,(cosy3(1-z)) -1) 
t ats . 
(4.15) 


ae ‘ 
Zpsin'y, + SAE Sooak Mae 


UY gine ee Os 
he, * To, | C.D. ; 


(4.16) 


2(cosyq-1)* - Z,Siny,(Z,siny. +] - cosy 3) 


oO 
il 
« 


1" CeD. 
Cale) 
ks Pee th 9 
uO. = (cosy, 1) Z sin'y, (4.18) 
re, 
pee ge 
ie Zo, : (4.19) 
ae a 
Ma = May ; (4.20) 
| 
Me = Mer (4.21) 
Rade 0. fale SS “4 (4.22) 
d Pd “d fae ; 


The program Trans3 given in Appendix I calculates the matrix 


elements al, Bl, cl T 


and D. for different values of the coupling coefficient 
over the frequency range 50 MHz to 1 GHz. 

In order to calculate the insertion loss the circuit shown in 
Fig. 4.5 must be evaluated. This circuit is valid if the input pulse is 
short enough so that the output transducer does not interact with the 


input transducer. 







6 


¢ S$ 
vires * ates - (f-.¥200).°200 
ons) , Sees ee 


[ . (A -{}.veon) ; i. ' 
( a) I Deven: )evatzas 4 (, 209 ) geod 7 jae 
; ie? > = a ane 7 . 


From Me = IZ. HAM (4.23) 


ay 7. 

where V = AF, +B a, (4.24) 
1 + 

and | ae tae Fy +e[) Qy (4.25) 

Ral (Zo,c'+0")Z. + (A'Z0,+B") 
we obtain [ORE | fears ae eee sapere epee (4.26) 
d d 
where Z. = R, + jX, » Source impedance. (4.27) 


The insertion loss is given by 


It. 


Mer tent. 
20 log Tale 
vL Rot L 
‘i RP 
= 20 log al + 20 109( ge] (4.28) 
L Sint 


therefore, we require the expression for Call ae From equation (4.10) 


- 
Vo F A -B F 
<0. = (4.29) 
-I -4).f)) 30h, oo! ji 
Therefore |F sre 
= M (4.30) 


-u =I 





From matrix theory the elements of mo! are given by 


a, (are 
where ie (-1) M54 , the cofactor of Msi : 
IM. «|= determinant of M where the abd row and ith 
column have been deleted 
and |M| = determinant of the matrix M [4.6]. 


] 


Since |M| = +1, the elements of Min terms of the matrix elements of 


M will be 
pe ag! 
-] 
wl = (4.31) 
+c! ql 
Jie Ce Vo 
therfore = (4.32) 
A A) zy 
ul G A 1. 


for the directions shown in Fig. 4.5. Therefore, for the receiving 


circuit 


oF ~ aZo, eA eee (4.33) 
Vo = at (4.34) 
and Z=R, + 3X; , load impedance. (4.35) 


By using equations (4.32) through (4.35) we obtain, 


Ty, 20 T T 
Z, (Zo,C +D ) + (A Zo,tB ) 
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If we consider the untuned case, Xo = Xr = 0 and ea = \ 


equation (4.26) and (4.36) we obtain 


L then, combining 


T 1 T sf 
Ve Zo4+B') JR, (Zo,C +p!) + (A Zo 4B") J 


Ve 2R, Zo 


Tint 
Vg [(Zo,¢ +D JR, + (A 


d 
(4.37) 


The program ILTRANS, given in Appendix I in conjunction with 
the program TRANS3 calculates the theoretical insertion loss versus 
frequency for different values of the coupling coefficient. 


4.4 Insertion Loss Measurement 


It can be shown that the bandshape function for untuned transducers 


with ke<c] and a contact impedance much less than 502 is given by 





nZo, [1 + (uC,R.)° 
BS(f) = vanonay nayinall Aran te ne [4.7], : (4.38) 
16k,Zo 00S 
, ES 
This iS a minimum for ~ = Ro. Since Wo is specified by the system 


0-O 
application, the area of the top electrode was made small enough 


(R = .012 inches) so that BS(f) was minimized. This transducer was, of 
course, not suitable for acousto-optic or attenuation studies due to the 
divergence of the acoustic beam caused by diffraction. These acoustic 
losses will be discussed in the next section. 

The pulsed R.F. insertion loss measurements were made in the 
502 coaxial system shown in Fig. 4.6. The input pulsed signal entered a 
well padded hybrid junction where it was divided equally and fed to the 


delay line and a reference path containing a precision attenuator. The 


















gainidios ,netd v= ¥ bas 0 * yp * gh «9282 beewiou on? yabranoo ow | : 
nistdo aw (a€.+) bas (38.8) notseups § 


+. ot AD 6 (‘ow"s, ) AIL "eh oS Ta) + At "Ge"5,08)1 3Y 
: ee oe ee . 1) 


nov r .? baegyA vf _nasy rp , 2MART II mMeIBOT" oT 
Oo! worivednt laoltevasn? sit 2estafuslao E2HAAT méirporg § 


‘T9009 Qniiquoo st? to 2oulsy Iaevettib TO? yon 


tnomeucnem 220) notiveeni 





; 
~*~ _ 
| <a 
enutm YO? HOrgonu) SasaAebaad sd tend nwodea od nB5 71 : 
a 
(ad movip 2f Oe nett age! doum sdnabsqat Josgnos 6 bas prods ast 
Sy Ay) + | oir ; 
: ) ith : aoe g —_—- es = (3 )28 ic 
| a"o"o pos Adf 
" > 
: R » a aT 
mageye end vd betttosqe 2! g@ sonte gf — “oF muminfa 6 at 2 


o”9 
figoons (lamz shen z6w sbottos!lo qov srt to sete orl? .nottentte 


D acaaline telat etaT sboctninte anv (8)28 dels on (ston St0. 


~~ 


my uve be: bogies eigeieey! « 


93 


"PLNOULY JUBWAaUNSeaW SSO] UOLJZUBSUT 9Q*y “HL 


UOL298S Ua UaAUO) 





dash euy wnuzdeds 





RATS ———_— EES EE 


0023 4-05 
ADALIIAY 407P| [L980 <— uwntpaq Kejaq 
(eao7 = | 
(Geceteeceneel 


Jaonpsuedl 





ped 
No bape 






UOLPRU LUMA] 










uoLzoUNne ped A0} PUdUdaY 
pLuqh} gp 9 LeuBbLs “4°H*A 
7 4 4ozenus}4y ped 40} BUaUay 
YP LMS LeLxeo%) po zeugt [ed “Gp € as LNd 





se 2 





eo . tel , 
Jaws 2 my a | 5 7 
5, ee 





ae = 





Say, _ 
wor Sunsis A 


_ a | 


96 


reflected pulse and echoes from the delay line were directed to the 
output port. A coaxial switch at the input to the heterodyne receiver 
selected either the delay line or the reference output. The insertion 
loss was given by the difference in attenuation between the reference 
and delay-line paths when the two receiver output signals were adjusted 
for equal amplitudes using the precision attenuator. For tuned measure- 
ments the tuning network was simply inserted between the 3 db pad and 
transducer. 

In Fig. 4.7 the hardware used in the acoustic studies is shown. 
The germanium cube is mounted in a water cooled holder which may be 
filled with mercury for an anechotic termination. The germanium brick 
in this photograph has ZnO thin films deposited on two adjacent sides. 
The ZnO film on one side was sputtered onto an evaporate gold surface 
while that on the other was deposited onto a sputtered gold surface. 


Note the coaxial coupler used for access to the transducers. 


4.5 Acoustic Losses 


In order to be able to compare the measured insertion loss with 
the computed (which assume no acoustic losses) data,the acoustic losses 
must be determined. The significant acoustic losses are due to beam 


spreading and attenuation in the delay medium. 


4.5.1 Diffraction Losses 


The problem of acoustic diffraction has been considered in detail 


[4.8, 4.9]. For a circular transducer which acts as the transmitter and 


receiver, the echo pattern for wavelengths in the order of the transducer 
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98 
dimensions is not a simple exponential as would be expected from 
intrinsic attenuation. In the region near the transducer the phase of 
the acoustic pressure wave is not constant across the plane perpendicular 
to the direction of propagation. The magnitude of the echoes in this 
region can be calculated by two integrations. The first is over the 
source area to determine the near acoustic field pattern in a manner 
analogous to the determination of the Fresnel field produced by a plane 
wave incident on an aperture. The second is over the area of the 
receiver upon which the non-plane wave is incident, to determine the 
average pressure hence the magnitude of the output electrical signal. 

The existence of these fluctuations in the echo pattern verifies the 
existence of diffraction. This affect is shown in Fig. 4.8 for a 
transducer having 1.9 mm as its smallest dimensions at 50 MHz. From the 
analysis outlined above it can be shown that an estimate of the average 


diffraction loss is given by 


2 
_ a® db 
Scag io (4.39) 
where ty = acoustic loss due to diffraction, 
a = half of smallest transducer dimension 


and A = acoustic wavelength [4.8]. 


As can be seen in Fig. 4.8, at 50 MHz the diffraction losses for this 
particular transducer are much greater than the intrinsic losses in 


germanium. 
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Fig. 4.8 Effects of Acoustic Diffraction on the Compressional 
Acho Pattern in Germanium.Area = 1.9mm x 5.5 mm; 
ior. - !QUysec/cm; Ver. - 20mv/cm; f = 50 MHz. 





Fig. 4.9 Inadvertently Generated Shear Waves. 
Area = 1.9mm x 5.5 mm; Hor. - 20usec/cm; 
Ver. - 50 mv/cm, f = 100 MHz. 





Fig. 4.10 Exponential Decay of Compressional Wave in Germanium 
at 300°K and 210 MHz - Intrinsic Attenuation; 
Area = 4.2mm x 5.5 mm. 
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4.5.2 Intrinsic Losses 


Mason has considered intrinsic attenuation in Silicon and 
Germanium in detail [4.10]. Fundamentally acoustic attenuation is due 
to the anharmonicity in the interatomic force constants of the crystal. 
These anharmonicities allow phonon-phonon collisions, which in the 
case of germanium is the most important cause of acoustic attenuation. 
The thermoelastic effect accounts for only 4% of the measured 
attenuation. This must be the case, if shear waves are to experience 
any attenuation at all. The physics of the phonon interaction can be 
stated simply: the presence of one phonon causes a periodic elastic 
strain which (through the anharmonic interaction) modulates in space 
and time the elastic constant of the crystal. The second phonon 
perceives the modulation of the elastic constant and is thereupon 
scattered just as photons are scattered by phonons in the acousto-optic 
effect to be discussed in the next chapter [4.11]. 

In Fig. 4.9 inadvertently generated shear waves and their 
attenuation can be seen. The transducer used was the same as that in 
Fig. 4.8, however, the frequency in this case is 100 MHz. This particular 
transducer generated shear waves (still ~ 20 db down from dilatational 
wave) because the top electrode was near the edge of the ZnO thin film 
and therefore the applied electric vector was not colinear with the Zn0 
thin film 'c'-axis. Note that the shear wave acoustic velocity and 
attenuation are approximately half that of the compressional wave. This 
is theoretically consistent. In Fig. 4.10 a typical example of dilatational 
acoustic attenuation at 210 MHz is shown. The transducer in this instance 
had the dimensions 4.2 mm by 5.5 mm. In Fig. 4.11 the acoustic losses 


in germanium for a dilatational acoustic wave propagating along the <111> 
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Fig. 4.11 Acoustic Losses in Germanium for Compressional Waves 
Propagating in the <111> Direction at 300°K. 
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axis at 300°K for frequencies up to 500 MHz using this transducer are 
given. This large area transducer was chosen for two reasons; first, 
to minimize the diffraction effects and second, because this was the 
transducer employed for the acousto-optic measurements. This intrinsic 
loss data together with the diffraction attenuation estimates were used 
to correct the raw insertion loss data for the R = .012 inch transducer. 
Note that in obtaining this data the relative levels between successive 
echoes were measured whereas, for insertion loss measurements just the 


level of the first echo was needed. 
4.6 Evaluation of Coupling Coefficient 


The effective coupling coefficient for the highly oriented Zn0 
thin film transducers were determined by comparing the untuned corrected 
(for diffraction and intrinsic losses in germanium) experimental insertion 
loss data with that generated by a computer program. The material 
constants Pye ve, used in the program were obtained from published data 


on bulk samples. The relative dielectric constant of the ZnO thin film 
4 
). 


was obtained experimentally using a Wayne-Kerr impedance bridge (w = 10 
The value measured was 8.44, closer to the value 8.5 reported by Mason 
than that given by Meitzler in Table 2.1 [4.14]. As mentioned the film 
thicknesses were determined with a Taylor-Hobson Tallysurf 4. The 
material values used were as shown in Table 4.2. This test transducer 
area was 3.22x107/m?, 

In Fig. 4.12 the raw data and corrected data are plotted ona 
computer generated field of curves with Ky as the adjustable parameter. 


It can be seen that the ZnO thin film has an effective coupling 


coefficient greater than .25 or ~ 90% of the bulk value. Note that the 
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Fig. 4. 12 Experimental and Computed Insertion Loss 
versus Frequency. 
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resonant frequency of the response has been significantly shifted 

down to ~ 400 MHz from the resonant frequency of the ZnO thin film itself, 
fo: This is due to the mass loading by the ZnS and Ax layers on the 
transducer. Therefore, it is apparent that mass loading must be seriously 
considered when designing high frequency transducers to resonate at 


a specific frequency. It is thought these results are accurate to 


within 10%, the sources of error being: (1) the fact that bulk material 
constants were used and that the corresponding constants of the thin 


films will be somewhat different; (2) the diffraction loss estimate could 
be more accurate, however, it is to be recalled that as the frequency 
increases the diffraction losses become less significant and the intrinsic 
losses dominate and; (3) the contact resistance of the coupler was not 


included in the computer program, however, it can be shown that for the 





untuned measurements on a transducer having 7 = R. the error is less 
than 1 db [4.19]. 

The last consideration of the previous paragraph does become 
Significant however, when tuned measurements are performed, especially 
on a large area transducer. In order to evaluate the acousto-optic 
performance of germanium it was necessary to employ a large area 
transducer. For sufficient electrical excitation of such a transducer 
its impedance must be conjugately matched to that of the electrical 
source for maximum power transfer. In this case, the contact resistance 
is often equal to or greater than the transducer radiation resistance 
resulting in a non-zero tuned insertion loss. To be specific, the 
4.2 mm x 5.5 mm transducer used in the acoustic loss measurements and 
employing the same thin film for which a Ky = .25 has been established, 


had a tuned one-way insertion loss at 354 MHz of 11.5 db. Thus more than 


9/10 of the input power is being dissipated in the tuning circuit, 
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contact resistance and the resistance of the top electrode. Surprisingly, 
however, this combined resistance can be shown to amount to only 1.732 [4.7]. 
It should be mentioned here that no effort was made to reduce these 
losses. One immediate improvement would be to use a gold top electrode 
(Ra Rao) however, this would result in considerable mass loading, a 
reduction in bandwidth and a slightly higher untuned, minimum insertion 
loss. 

The ZnO film discussed above was deposited on a slowly 
evaporated gold thin film. As shown it has excellent transducer 
characteristics however, it is important to note that the gold thin film 
in this case happened to be highly oriented. Not only that, but as 
already stated this evaporated-gold-orientation is not nearly as 
repeatable nor as high as that obtained by sputtering. The resulting 
variation in the k, values of different films is continually mentioned 
(but not necessarily for this reason) in the references cited in the 
preceding chapters. 

It should be noted here that when the orientation in the 
ZnO thin film reaches a level given by an x-ray diffraction arc half- 
angle of approximately 6°, the improvement in ky becomes less significant, 
being already ~ 90% of the bulk value. Therefore, in order to guarantee 
a ZnO thin film having a ky = .25 it is suggested that a sputtered gold 


thin film be used as the counter electrode. 
4.7 Conclusion 
In this chapter the fabrication recipe for repeatably producing 


ZnO thin film transducers having coupling coefficients equal to or greater 


than 90% of the bulk value, was given. This value of coupling coefficient 
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was arrived at by comparing the measured insertion loss data with that 
generated on a computer. The mathematical model, based on Mason's 
transducer equivalent circuit,used for this program was derived and also 
the values and source of the necessary input data was presented. It was 
shown that the measured data had to be corrected for relevant acoustic 
losses, namely diffraction and intrinsic delay medium loss. The latter 
resulted in the determination of the intrinsic acoustic attenuation in 
germanium at 300°K for a compressional wave propagating along the <111> 
axis in the frequency range 50 MHz to 500 MHz. At 500 MHz the attenuation 
was found to be 5 db/cm thus limiting the usefulness of germanium for 
acousto-optic studies to frequencies less than 500 MHz. Tuned insertion 
loss measurements were discussed and the value measured (11.5 db) for the 


transducer to be used in the acousto-optic investigation was presented. 
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CHAPTER V 
ACOUSTO-OPTIC PERFORMANCE OF GERMANIUM EMPLOYING A ZnO THIN FILM TRANSDUCER 


5.1 Introduction 


High frequency, wide-angle acousto-optic diffraction by single 
crystals finds application in many fields. These include laser modulation 
and output coupling for use in optical memories and displays; determination 
of the photoelastic constants of materials and; determination of the 
magnitude and shape of the pressure waves in a solid by optical probing. 
Also, there is, as stated in Chapter I, considerable interest in 
modulation and deflection of 10.6, C0., laser radiation for such diverse 
applications as space communications and micromachining. In this chapter 
a theory describing the diffraction of electromagnetic (E-M) radiation by 
acoustic waves in a single crystal is given and the results compared with 
those obtained experimentally for germanium. 

In the following section an expression for the diffraction 
efficiency as a function of the angle of incidence of the E-M wave on the 
acoustic wave is derived. It is shown that other than low acoustic and 
froctrananetic attenuation constants, elasto-optic modulators must possess 
a high refractive index for large diffraction efficiencies. In Section 
5.3 the experimental results are compared with this theory and, the effective 
photoelastic constant of germanium is evaluated. The chapter is followed by 


a conclusion. 
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5.2 Theoretical Description of Acousto-Optic Diffraction 


The acousto-optic diffraction problem of relating the magnitude 
and angular dependence of the diffracted intensity to the system geometry 
and parameters is given by Klein [5.1]. This theory, based on a coupled 


mode interpretation, is outlined below. 


5.2.1 Difference Differential Equation 


Consider plane, monochromatic radiation incident at an angle © 
(positive in the case shown in Fig. 5.1) on a plane ultrasonic beam of 
width L. 

In the region of the sound wave the optical wave equation can 


by written 


VA 
2 
VE = c(zat)] as (5.1) 
Cc at 
with riz. thse cr + c' sin(2t-«z) (5.2) 
where c = index of refraction in the region of the 
sound wave, 
E = electric field intensity, 
c = velocity of light in a vacuum, 
2 = sound frequency 
and k = acoustic wave number. 


The amplitude of the electric intensity in the sound beam can 


be expressed as 



















notsoevV#G af2q0-as2v00A Yo noisqhes@ TeottewenT Se 


> 5 


| 
T> 


‘e6m std paisley Yo mpl dow notsosytit’ stiao-ad2yoos 47 - 


Panosg Mmal2y2 att oF yIiensin! betoerttib edz to eznsbnsqsb telupns bas 


ne h 
b9'quOD 8 0 Beeed ,yvoort? 2idT .-f.2) nislé ed favip ef 2vetsmersq Be 


— 


woled beniffyuo et ,noftisdevquasal ue 


neti sup3 [ating rettre sone Tt Ig 8s, 


' 6 36 Jnebton’ nelstetoey 2i2emowoones ,anslq wbtenod a, 
_ 7 
64d rocetiiu sesig 6 oo (1.2 .pF9 at awode seg0 643 at sviobeee 


16) MotIéups evew f6artqo sid Sven Bayoz sit 40 notosd add Al 


nettinw yd 

a. 
¢, 3 ; 
. 3 & I,3)3} , " 
or. See [ls,s)3] iy ~ 
sy 7) _ ‘ 

; i . ae) | 

(§.2) (su-ta)ate '5 4 as (3, x) Attw 


y 3 






v7. 


edt to notes snd nt aottoevies to xsbnt = > ” overiw 
Mer 8s pe! Say eerpuley! Nh We shee, ni einyd 4 


a - 8 

















pe 





on 
, = 
Sol. ie F 


110 


: : *g = U SAOJDIA SARM LeLIUed 9YR a Bia 
eee DLQaubewouzOaL JZ JO UOLZIeUJJ1LG I! 


L°s “B14 








111 


E = A(x,z,t)explj(ut - coker) (5.3) 


where w = radian frequency of the E-M wave, 


A(x,z,t) = slowly varying spatial and time dependence 
Of 8. 


and k = vacuum wave number. 


As E is periodic in space and time with the sound field it can be expanded 


in a Fourier series yielding 


E = exp(jwt). } 6 (x)exply(mat-k, +r] (5.4) 
where kr = Ck (zsino+xcose) + mKz (5.5) 
and o (x) = slowly varying x dependence of E. 


Equations (5.4) and (5.5) represent an expansion of E in plane waves where 
the index m labels the meh Fraunhofer diffraction order. 

Substituting equations (5.4) and (5.2) into (5.1) one obtains 

00 ao (x) 9 


; > > 
exp(jut) eg deok coso —= + (cok™ + 2c 0k mesino + moc“) @_ (x) JexpLj (mot-k, -r) 





= exp(jut) y {k*[c° + Sy sin(at-xz) Jo, (x) }expl (mat-k +r) ] (5.6) 
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kedex> . (5.7a) 
2 
Ke >> “s (5.7b) 
¢ 
Che. oe e, (5.7c) 
2 
2@ (x) 3 o (x) 
and aX ao acre a . (5.7d) 


By substituting the values given in Section 5.3 into equations (5.7) it 
can be seen that these assumptions are justified. Now using the identity 


sin(at-kz) = exp[j(at-«z)] - exp[-j(2t-«z) ] (5.8) 


2j 


in equation (5.6) and equating coefficients of the exponentials we obtain 


the following difference differential equation for o,(x). 


ao_(x) : 2 2 
_ ck [o. .(x) - @ ,,(x)] = j[nk tano + PP O15 (x) 
3X 2coso + n-1 nt] JEN 2 kcoso” on 
(5.9) 


The quantities which can be easily varied in a given experimental 
system are the acoustical pressure and the angle of incidence of the 
radiation on the sound field, while the radiation and sound wavelengths 
as well as the width of the sound field usually remain fixed. Therefore, 
two dimensionless parameters are chosen which depend only upon the angle 


of incidence and the acoustic pressure, a and v, respectively.A third 
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parameter (Q) is needed to complete the description of the problem. These 


parameters are 


Sen be (Raman-Nath parameter) 


xe ke'L since cose 


I 
eed 
vw 


(5.10) 


a = a eae) sino 9 (5.11) 


and Duct t Kcosé 


I 
—d 


Pn since coso (5.12) 


Substituting these parameters into equation (5.9) we obtain 


do (x) 
Be te EPpy (X) - Mag] = 3 FP (n-2a)o (x) (5.13) 





where the partial differentials have been replaced by total differentials. 
In a manner analogous to x-ray diffraction the Bragg angle for acousto- 


optic diffraction is given by 


' Fe ) 
sinoe = oy (5.14) 
0 
where Op = Bragg angle in the modulating medium, 
ro = vacuum wavelength of electromagnetic radiation, 
and A = acoustic wavelength. 


: aa 
Therefore, at Oo = “Op. a = + 7° 
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If the plane waves of equation (5.4) are considered the normal 
modes, then v may be thought of as the coupling coefficient between 
'adjacent' modes [5.2]. Since a purely sinusoidal sound field has been 
assumed, only adjacent modes are coupled. On the other hand, if the sound 
wave is not sinusoidal the refractive index can be expressed as a Fourier 
series. In this case, the amplitude of the refractive index change for each 
harmonic,z.,will yield a corresponding Ve Therefore, modes which are not 
adjacent will be coupled. For instance, Vo # 0, corresponding to the 
second harmonic will allow energy transfer between every other mode. 
Consequently, by analysing the intensity distribution of the diffracted 
radiation the waveform of the acoustic beam (the G4's) in the diffracting 
medium can be determined (optical probing). 

The amount of energy transfer between modes depends not only upon 
y but also upon the degree of synchronization of the modes. Since the 
various diffraction orders have different propagation directions, two orders 
which are in phase at a given plane in space will not maintain this phase 
relationship except at special incidence angles. The parameter Qisa 
measure of the differences in spatial phase of the various partial waves 
due to their different directions of propagation. 

Consider the E-M wave travelling through the sound field at an 


angle Bo with respect to the n = 0 wave (see Fig. 5.1). Its path length 





will be 
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Mereruces PL. ee Ce [T+ nee zk 9 (5.17) 


and the difference in spatial phase AS, for a wave travelling in the 


B, direction and a wave travelling at the incidence angle is 
ns, = kap.L. = SA (5.18) 


Consequently for larger values of Q there is less synchronization and 
there will be little energy transfer except when a = = In this case, 
from equation (5.13) it can be seen that the right hand side is zero just 
as it is for the incident (n=0) beam indicating that the two waves, n = 0 


and n = 1, are synchronized. Note that n = -1 is not synchronized and 


will therefore not grow in amplitude. 
5.2.2 Derivation of Diffracted Intensity 


Forn=1,a02 5 and recalling that o_4(%) = 9, one obtains 


from equation (5.13) 








do (x) 
7; - or 94 (x) = 0 (5.19) 
do, (x) 
and ib + OE 8 (x) = « o - 20) o, (x he (5.20) 


In their decoupled form equations (5.19) and (5.20) become 


z 
d . d 
Sto omesiar s2a)]) Mobslois ee 2h gp (5.21) 
dx 
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( 
v \2 y 
me, 2L dx (ap) @y(x) = 0 
(5.22) 
with the boundary conditions 
¢,(0) = ] (5.23) 
and (0) = 0 (5.24) 


The solutions to these second order, homogeneous differential equations 


with constant coefficients, subject to the above boundary conditions are 


SAxh. = exp[JQU-2a)_ x][cos (Fx) + J — sin(rx)] (5.25) 


0 


and 2, (x) = - a= exp[lQUL=2a) 35 in(Sx) (5.26) 
where o = F {[Q(1-2a) 1° + [2v]*3!/2 (5.27) 


Therefore, the respective intensities l and I); at x = L will be 


: oi ” (5.28) 
I, ey : = 
7 * _ yvyersinoy2 
and Lia a” oe (5) Syrian! (5.29a) 
2 (5) v<< loa = .5 (5.29b) 


[With respect to equation (5.27) it should be mentioned that it is correct, 


as opposed to that given in Klein's paper]. 
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Equation (5.29a) gives the intensity of the n = 1 order as a 
function of angle (a). The sharpness of the distribution will depend 
upon Q and the magnitude upon the Raman-Nath parameter. The validity of 


the above theory will be demonstrated in Section 5.3.2. 


5.2.3 The Raman-Nath Parameter for a Single Crystal Solid 


The change produced in the dielectric impermeability in a solid 


is related to the strain by 


AB, = PaaKeSkg (5.30) 
where Bs. = dielectric impermeability tensor component, 
Pike = elasto-optic coefficient in tensor notation, 
and S), = the applied strain in tensor notation [5.3]. 


The dielectric impermeability tensor components are related to the 


dielectric tensor components (K; 5) by 
K. .B = 6. (5.31) 


where Sap = Kronecker delta. 


In the case of cubic crystals KS = K. Thus, 


E 3 2 
| = -K AB, Wi -K Pijkeske" (5.32) 


(5.33) 
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and therefore AK = 2z Ae : (5.34) 


the change in refractive index due to a strain is given by 


3 3 


eri 
C i AE * ? Pijke Sho ° (5.35) 


In order to determine the change in refractive index due to a 
compressional wave propagating in the <111> direction the applicable 
tensor components must be determined in terms of those relative to the 
crystal axis. This is done by using the general tensor transformation law 


' 2 Se ed le Conte 
ha as teks on Tmop (5.36) 


where OS sy 0 


for the z' axis in the <111> direction, the x' axis in the <110> direction 


and the y' axis in the <112> direction, 


with Tianop = fourth rank tensor component relative to the 
principle axis of the crystal 
and ijkl = fourth rank tensor component relative to the 
new rotated axis.[5.6]. 
poedanc 2 4 
aU Page Py] Pio * F Pag (5.38) 





HOMO. Ww? 


oid nt zixe ‘y si 
ZY _* 


= a qq ¢ 
7 7 
‘ u > 
7 - q) 
q ¢t = d . 
. ¢ = ~_ 7 
- O 4 " - oe 
"2 “2 = . 
«4 F ¢> . — 
- s a 
' - ’ 
¢< 7 


notssenib <Sif> 


119 


where P33 = elasto-optic tensor component written in reduced notation 
and is applicable for the radiation wave polarization being parallel to 
the <111> direction. It has been shown that the elasto-optic constants 
in germanium have the same sign [5.4]. This is the reason for polarizing 
the radiation parallel to the <111> axis. If it were polarized in the 
<110> direction the relative photoelastic constant would be 


2 2 
S lineoeye  siead (5:39) 


abs 
The value of Pag turns out to be approximately half of Py1 Or Pros therefore 
P13 for an E-M wave polarized in the <1T0> direction and a <111> directed 
acoustic wave will be ~ 2.5 times smaller than P33: 

The acoustic power is related to the strain in the following 
manner [5.5]. From Chapter IV, the average acoustic power delivered to 


the crystal is 





eg leas oad 

Pael) = 24a %a “a 9 (5.40) 
Oy 

but $33 = a (5.41) 
V 
d 

therefor "del a (ve) 3, (5.42) 

phd Bape. 2 Pai ’d’ 733 ; 
Pel 
where 3 = acoustic power density . 


The acoustic power density is related to the incident R.F. power (Par) 
on the transducer impedance matching network by an effective transduction 


efficiency T. From equation (5.10) and using (5.35) and (5.42) we obtain 
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3 7 
acd, oH 2Ppel ORLY Th. 
w= - 4p A * i ee (5.43) 
Xo 2 eff (v2) 35 
Pq\"d 
2 z L 7 
and therefore ~~ = t wf (=)P,-T x 107] (5.44) 
4 94° HY’ Rr 
0 
6.2 
C.P 
where y = —2 aa (5.45) 
ie) (vq) 
and S = bx (5.46) 


The factor 107 is the conversion factor relating watts and ergs. ¥ is the 
photoelastic figure of merit for the modulating medium, in this case 


germanium. 
5.3 Acousto-Optic Experimental Results 


Fig. 5.2 shows the experimental arrangement used; first to 
evaluate the effective photoelastic constant of germanium hence determine 
v and second, to compare the variation of the diffracted intensity with the 


angle of incidence, that is, to determine Q. 
5.3.1 Determination of Photoelastic Constant of Germanium (p33) 


The 5 watt, 10.6u laser beam was incident from the left and 
polarized parallel to the <111> directed dilatational acoustic wave. To 
evaluate the figure of merit of germanium the chopped, transmitted optical 
beam power was continuously monitored and the diffracted beam was 


collected by a NaCl lens and detected with a Au:Ge (77°K) detector. 
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The detector responsivity was 1.85 v/watt as determined by attenuating with 
calibrated CaF. attenuators, an incident 10.6, beam of known power. 

For a transducer having an L = 4.25 mm and an H = 5.5 mm, the corrected 
one-way tuned insertion loss at 354 MHz was 11.5 db. The material 
acoustic losses (see Fig. 4.11) amounted to an additional 2.95 db/cm or 
3.68 db loss to the center of the 1 inch germanium cube resulting in an 
effective transduction efficiency of T = 15.18 db. Using the circuit 
shown in Fig. 5.3 three watts of R.F. power was delivered to the matching 
network. At the Bragg angle, 12.33 mw or .25% of the incident radiation 
was diffracted. From equations (5.29b) and (5.44) this results ina 

vy = .] and an ¥ = g.ogx107 /® for germanium (G- = 4.0). From this figure 
of merit an effective photoelastic constant of Pate * .42 is obtained. 
Considering the experimental arrangement this result is surprising.since 
it is, essentially, exactly the same as that determined by Pinnow who 
employed an experimental technique much more suited for determining 


photoelastic constants [5.4]. 
5.3.2 Angular Dependence of Diffracted Intensity 


By rotating the table on which the germanium cube was located 
the angular location and relative amplitudes of the diffracted intensity 
maxima were determined. The signals obtained at © = 20°, 18.75° and 
21.25° are shown in Fig. 5.4. In this instance the chopper was located 
intracavity hence the 'Q'-switched leading edge of the infrared pulse. 


The acoustic beam was also pulsed. 
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The above data was plotted on a computer generated curve based 
on equations (5.27) and (5.29) for v = .1 and Q = 291. As can be seen 
in Fig. 5.5, the agreement is excellent. The angle (0') represented in 
Fig. 5.5 is the experimental angle between the normal to the cube and the 
incident beam; that is, the angle external to the medium and not the 


internal angle usually reported. 
5.4 Conclusion 


The unified theory of Klein and Cook presented in Section 5.1 
which is based on the dimensionless parameters v, a, and Q was shown 
experimentally to adequately describe the ultrasonic (2 > 100 MHz ) 
diffraction of 10.6y radiation. The acousto-optic, material figure of 
merit for a single crystal was derived. This figure of merit was determined 
experimentally for germanium and shown to be ~ 540 times that of fused 
quartz, indicative of an effective photoelastic constant of .42 for a 
10.6u radiation wave polarized parallel to a <111> directed compressional 
acoustic beam [5.4]. 

Based on the results presented in this chapter, one can 
realistically expect to achieve a 12.5% diffraction efficiency with only 
59 watts R.F. and an aspect ratio (F) pee If a T = 15 db is to be 
maintained, however, this will require: an improved R.F. matching network 
due to the increased transducer area; a reduction in contact resistance 
and transducer electrode 12R loss; cooling and; precise, stable angular 
alignment due to the concomitant increase in Q. It should be noted that 
the overall area requirements can still be kept reasonable by the use of 
cylindrical lenses resulting in a reduction in the required transducer 


height. 
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Fig. 5.5 First Order Light Intensity versus Angle of 
Incidence (0' external) with v = .1 and Q = 291. 
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Use of such an acousto-optic modulator (a single crystal of 
germanium utilizing a thin film ZnO transducer) intracavity, would be 
capable of coupling out 25% of the cavity energy. Thus it would appear 
that the use of an acousto-optic modulator, operated intracavity, to 


efficiently output couple a C0, laser is indeed feasible. 
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CHAPTER VI 


CONCLUSION 


The feasibility of simultaneously frequency modulating and 
optimally coupling radiation out of a CO. laser cavity by means of an 
acousto-optic modulator has been demonstrated experimentally and 
theoretically. In addition to the development of a modulation system 
capable of detecting Doppler shifts of 1 GHz described in this thesis, 
other aspects of the system were also investigated. A method of 
controlling and stabilizing a passively Q-switched CO, laser (see 
Appendix II) was developed. A 1 meter coaxial C0. laser with the 
uncooled germanium cube intracavity was made to oscillate. Also, 
coherent detection was attempted, however, it was, as expected, un- 
successful due to the very limited frequency response of the Au:Ge 
detector. These results, in our opinion, renders the IRDAR system 
proposed in Chapter I worthy of further consideration. This is due not 
only to the developments reported above but also to the state of the art 
development in C0, laser technology. 

There would, of course, be many challenging engineering problems 
to be overcome in building a working system. Some of these problems would 
be to test the modulator intracavity to determine, the cooling, beam 
focusing and power, both acoustic and electromagnetic, requirements; to 
construct (purchase) and test an ultra-fast photodetector; to measure 
the magnitude of the frequency pulling between the two cavities and 


correct this if possible; and to construct a suitable optical delay line 
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for testing the system. Also, after a working system had been constructed 
and tested under controlled conditions the Signal degredation due to 
transmission through the non-ideal, real atmosphere would have to be 
investigated. If a Doppler compensating communication system were to be 
designed having a 50% bandwidth with a center frequency of ~ 400 MHz 

using an ultrasonic frequency translator, piezoelectrically active Single 
crystal plates would have to be seriously considered and care taken in 
choosing the electrode materials and thicknesses. As mentioned, for 

large area transducers this would indeed be challenging. 

Due to the broad scope of the investigation described in this 
thesis, a thorough study of all aspects of the project was difficult for 
one man to accomplish, even in a three year period. Therefore, there are 
many aspects which warrant further investigation. To begin with, an 
improved deposition system could be constructed and many purely thin film 
experiments conducted. These would include investigating the ZnO thin 
film growth mechanisms paying particular attention to the effect of the 
nucleating surface and reactive gas content in the sputtering gas mix on 
the film structure and composition. Acoustically, the maximum gain- 
bandwidth product for the ZnO thin film transducers as well as their 
power handling capabilities should be determined experimentally. In 
addition, consideration could be given to acoustic beam steering techniques. 
Acousto-optically, the maximum number of resolvable spots for the modulator 
should be determined. Also, when higher acoustic powers are employed, 
optical probing experiments to determine the shape of the acoustic wave 


could be conducted. 
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APPENDIX 2 


: Reprinted from APPLIED OPTICS, Vol. 9, page 515, February 1970 
Copyright 1970 by the Optical Society of America and reprinted by permission of the copyright owner 


Pulse Repetition Rate Control and 
Stabilization in a Passively Q-Switched 
CO, Laser 


G. Hillman, J. Tulip, and H. Seguin 


Department of Electrical Engineering, University of Alberta, 
Edmonton, Alberta. 
Received 29 August 1969. 


Several workers!~5 have reported passive Q switching of a CO.— 
N--He laser using a saturable absorber. This paper describes a 
simple means of controlling and stabilizing the pulse repetition 
rate of such Q-switched lasers. 

The prism-absorption cell arrangement used in the experiment 
and shown schematically in Fig. 1, was similar to that of Wood 
and Schwartz!"? with the exception that the laser cavity and dis- 
charge lengths of 100 cm and 60 cm, respectively, were shorter. 
In addition, the 100% reflector was mounted on a tubular piezo- 
electric transducer. After proper alignment and pressurization 
of the prism-absorption cell combination and with no electrical 
drive to the PZT transducer, the sealed off CO: laser was found to 
repetitively self Q switch in the normal free-run manner. The 
output pulses obtained, as shown in Fig. 2, were similar in shape 
to that previously described by Wood and Schwartz. The free- 
run pulse repetition rate of approximately 1.25 KHz obtained 
under these conditions proved to be highly unstable such that 
significant pulse position jitter was experienced. Careful cavity 
realignment was periodically required for continuous operation 
and the pulse repetition rate could not be significantly altered or 
controlled. It was found, however, that by applying a short 
electrical drive pulse to the PZT transducer, the Q-switched 
pulses could be easily controlled and synchronized. In this 
manner the pulse repetition rate of the laser could be continu- 
ously varied from below 15 pulses/see to above 700 pulses/sec 
with increased tolerance of absorption cell and cavity parameters. 

It is of interest to note that the PZT cavity modulation did not 
at all affect the pulse shape, indicating that the laser was still 
being Q switched by the SF, absorption cel. It was also observed 
that the enhancement ratio was substantially increased from 
about 200, for the free-run Q-switched case to over 850 for the 
controlled situation. Thus with the 60-cm sealed off laser dis- 
charge tube used in the experiment, the cw power of 1.2 W was 








Fig. 1. The schematic diagram of the experimental laser set-up. 

(a) Tubular PZT transducer, (b) 100% gold coated 3-m meter, 

(c) 60-em sealed off discharge tube, (d) 20-cm absorption cell, 

(e) NaCl prism, (f) Germanium flat output mirror, (g) cooled 

germanium detector, (h) hp pulse generator, (i) Tektronix 585 
oscilloscope. 


enhanced to yield peak pulse powers of 720 W, which approaches 
the upper limits predicted by Wood and Schwartz. Under these 
controlled Q-switched conditions the laser was found to strongly 
favour operation on a single rotational line. This was not the 
case with the laser self Q switching. 

In addition it was possible to tune over several different lines 
by simple rotation of the prism. 

The electrical drive pulses applied to the 1 in. long PZT tube 
were typically between 0.1—1 msec wide and about 100 V in ampli- 
tude. Mirror displacement achieved under these drive condi- 
tions was sufficient to sweep the cavity resonance over one laser 
transition. Under too short a drive pulse the inertia of the PZT— 
mirror assembly was too large to permit sufficient displacement 
to provide good control and stabilization. Too long a drive 
pulse, on the other hand, caused two Q-switched pulses to be ob- 
tained for each controlling PZT drive pulse, one on the leading 
edge and one on the trailing edge. Thus, to obtain only one laser 
pulse for each controlling PZT pulse, the drive pulse length had to 
be less than the normal free-run Q-switched pulse spacing. Fig- 
ure 3 shows the double laser pulses obtained when too long a 
controlling PZT pulse was used. Figure 4 shows the controlled 
and synchronized Q-switched pulse train obtained under proper 
PZT drive conditions. The pulse repetition rate used for this 
photograph was approximately 625 pulses/sec but could be con- 
tinuously varied from 15 pulses/sec to 700 pulses/sec as indicated 
previously. 
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a 10 msee wide PZT drive pulse. 
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2. The typical Q-switched laser pulse. 





scale is 0.5 wsec/em. 


3. The double laser pulse train obtained from the laser for 
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Horizontal time 


Time scale is 1 millisecond per 


Fig. 4. The controlled and synchronized Q-switched pulse 

train obtained with a 0.95 msec wide PZT drive pulse. Pulse 

repetition rate is approximately 625 pulses/sec. Time scale is 
1 msec/em. 


The experimental results obtained have shown that pulses from 
a passively Q-switched CO, laser can easily be stabilized, con- 
trolled, and enhanced by simple PZT cavity length modulation. 
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